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I Preface

ABSTRACT
Proton-deuterium exchange o f the carbinol hydrogens o f gluco-, manno- and galacto-methyl- 
a-D-pyranosides with deuterium oxide catalysed by ultrasonicated Raney nickel had low 
regioselectivity. 4,6-O-Benzylidene-methyl-a-D-glucopyranoside underwent deuteration at C- 
2 and C-3 and cleavage o f the benzylidene group, whereas 4,6-O-isopropylidene-methyl-a-D- 
glucopyranoside was deuterated exclusively at C-2 (2H-NMR), which provides a rapid and 
economical route to 2-[2Hi]-methyl-a-D-glucopyranoside.
The diol moiety o f 4,6-O-benzylidene-methyl-a-D-glucopyranoside was cleaved under 
aqueous (sodium periodate), and non-aqueous (periodic acid) conditions to give a D-erythritol 
in high yield (80%, 90%). Application o f similar conditions to heptakis(6-0-tert- 
butyldimethylsilyl)-p-cyclodextrin failed to give an isolable product.
The epoxides; methyl 2,3-anhydro-4,6-Obenzylidene-methyl-a-D-mannopyranoside and 
/z£7 ?ta&/s(2 ,3 -anhydro)-p-cyclomannin were prepared via the C2-tosylates. Both reacted with 
4-ter/-butylbenzylthiol at the 3-position. The cyclomannin gave an adduct with !C4-altro 
stereochemistry as determined by NMR and the homogeneity was established by MALDI-MS 
(M+K+, m/z 3109.5, Ci6 iH2 6 6 0 2 8 S?Si7K). The mannopyranoside similarly reacted with L- 
cysteine to give a 4Ci-tf//ra-amino acid sugar adduct, but the cyclomannin failed to react.
The benzylidene-, isopropylidene- glucopyranosides and the silylated cyclodextrin mentioned 
above underwent allylation with allyl bromide, to give 2,3-di-O-allyl-glucopyranosides and 
heptakis(2,3-di-0-allyl)-p-CD respectively. Ring closing metathesis (RCM) with Grubb’s 2nd 
generation catalyst o f  the allylated cyclodextrin yielded a complex mixture, but the allylated 
glucopyranosides yielded the cyclo-octenes, which were hydrogenated. Unexpectedly, the 
benzylidene protecting group was partially cleaved during RCM. All NMR spectra were 
assigned by correlation methods.
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PREAMBLE
Compounds are numbered sequentially from the start o f the thesis. If an acetylated compound 
is described, the non-acetylated compound is designated Xa and the acetylated compound Xb. 
The meaning o f all other Markush formulae is shown in the diagrams.
To avoid numerous very similar formulae and an excessively complicated numbering system 
all O-deuterated alcohols are shown as OH rather than OD, unless the presence o f the latter is 
essential to the argument being made. Otherwise for example, different structures would have 
to be shown for NMR spectra run in CDCI3 and D2O.
Compound numbers shown in brackets refer to related structures or to non-explicitly cited 
structures.
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Chapter 1
Carbohydrate deuteration 
Introduction
1. Carbohydrates and their importance
1.1. Introduction
Carbohydrates are the most abundant class o f organic compounds found in living organisms. 
They play important structural and functional roles at the surface o f biological membranes. 
They function as receptors for a variety o f hormones and play critical roles in cell 
identification and differentiation. They form the major component o f shells o f insects, crabs, 
and lobsters, and are present as parts o f  basically all cell walls; from microbes to mammals1.
In the natural world, carbohydrates are created by green plants or micro-organisms by 
photosynthesis which is a complex process in which sunlight provides the energy to convert 
CO2 into glucose. This occurs in organelles called chloroplasts, which is believed were 
originally free living organisms.
Sunlight
6 CO2 + 6 H20   ► 6 0 2 + CeH^Og
G lu co se
In the nineteenth century, the word carbohydrate (literally “ hydrate o f carbon” ) was applied 
to soluble sugars that were thought to consist o f the carbon and water and hence had the 
formula (CH20)X2. Today the general term ‘carbohydrate’ includes monosaccharides, 
oligosaccharides and polysaccharides, which contain many functional groups, at least one 
carbonyl or (hemi)acetal group and several hydroxyl functions per monosaccharide3.
There are also a number o f substances derived from monosaccharides by reduction o f the 
carbonyl group (alditols), by oxidation o f one or more terminal groups to form carboxylic 
acids; e.g. aldonic, uronic and aldaric acids by oxidation at C -l, C-n, and both C-l and C-n 
respectively. If sugars have the hydroxyl groups replaced by hydrogen, amine, thiol or other 
heteroatom ic groups they are known as deoxy-sugars4.
The hexoses, D-glucose, D-mannose and D-galactose and the pentose, ribose are the most 
biologically important sugars. If n is the number o f carbons in an aldose, the number o f chiral 
centres will be at least n - 2. All aldoses except glyceraldehyde, exist as internal hemiacetals, 
consequently the number o f chiral centres is n -  1. Some alditols (e.g. allitol) contain 
numerous chiral centres, but nevertheless are achiral because the molecule contains a plane o f  
symmetry.
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1.2. Deuterium NMR
Substitution by deuterium in specific positions (labeling) is used extensively for the study o f  
chemical and biochemical reaction mechanisms and also to simplify !H-NMR spectra by 
removing both overlap o f resonances and/or coupling constants.
The detection o f deuterium by NMR in natural materials is difficult, because the abundance o f  
deuterium is only 0.015% and the receptivity is low (1.50 x 10'6 relative to ’H = 1 at 99.9845 
% abundance). With 100 % enrichment o f deuterium the receptivity (9.65 x 10'3) is 
comparable to that o f 13C (8.78 x 10'3) at natural abundance (1.1 %). The magnetogyric ratio 
(y) o f deuterium is 4.1066 x 107 rad T'1 s'1 which is about 15 % of that o f protons (26.7519 x 
107 rad T 1 s'1) and so for example deuterium resonates at 61.4 MHz in a 400 MHz 'H-NMR
spectrometer5. Deuterium-deuterium coupling constants are very small and about only 2.5 %
2 1o f proton-proton couplings. However, H- H coupling constants which are about 15 % o f the 
corresponding ^ - 'H  couplings can be observed in partially deuterated compounds and are 
typically 1 -  2 Hz. Deuterium is a spin = 1 nucleus (*H spin = lA) hence it usually yields broad 
signals with line widths between 0.5 - 2 KHz with similar chemical shifts and an identical 
chemical shift range to those o f protons6,7. In 13C-NMR spectra, carbons bearing a deuterium 
appear as a triplet (Vd,c = 20 - 25 Hz) with equal intensities due to coupling to the spin = 1 
nucleus. If carbons are present which bear protons and normal proton decoupling is used, the 
intensity o f these carbons will be increased by the nOe effect, which typically results in an 
increase in signal to noise o f about two fold. The carbon bearing deuterium does not benefit 
from the nOe effect and is split three fold, hence the signal to noise ratio is decreased six fold 
relative to a similar protonated carbon. In practice, unless the sample is very concentrated the 
carbon signal “disappears” into the noise.
The NMR spectra o f di- and tri- and oligonucleotides which are used in the synthesis o f RNA 
1 (ribonucleic acid) and DNA (deoxyribonucleic acid), have complex spectra due to 
overlapping proton resonances particularly from the ribofuranoside moiety. This problem has 
been overcome by preparing oligonucleotides in which all the ribofuranosides are deuterated 
except one. By varying the position o f the non-deuterated ribofuranoside, a series o f  'H-NMR 
spectra can be acquired, which together show the complete chemical shifts and coupling 
constants o f the whole oligonucleotide. Similarly by preparing an oligonucleotide which bears 
one non-deuterated ribofuranoside and an adjacent one bearing one or more hydrogens,
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intraresidue nOe measurements can be made. This technique has been called the Uppsala
3. end '/ w v  OH
Scheme: The presence of a single non-deuterated nucleotide in deuterated RNA oligomers enables the 
assignment of chemical shifts and coupling constants8.
1.2.1. Proton-deuterium exchange reactions of non-carbohydrates
Deuteration can be achieved by chemical reaction (e.g. reduction of ketones to alcohols) or by 
exchange reactions. Deuterated reagents (e.g. NaBD4) are expensive; consequently reagents 
which undergo exchange with a cheap source o f deuterium (usually D2O) are particularly 
useful. For example aromatic ketones are selectively reduced to deuterium labeled alcohols by 
a titanocene complex in D2O 10.
Hydrogen on the surface o f platinum on charcoal (Pt/C) undergoes rapid exchange with D2O, 
hence it is possible to deuterate substrates using this catalyst without using deuterium gas. For
Window8,9.
Adenine
Guanine
Uppsala NMR Window
Cytosine
1 RNA fragment
o—P=0 
Phosphate | D Uracil
Ribofuranose
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example, hydrogen-deuterium exchange o f aromatic and alkyl side protons with D2O is 
catalysed by 5 % Pt/C under hydrogen in a sealed tube. Deuteration o f electron 
deficient/neutral aromatic compounds such as benzoic acid 2 or diphenylmethane 3 needs to 
be run in higher reaction temperature than electron rich substrates such as phenol 4 or o- 
phenylene diamine 5. Incorporation o f deuterium in phenol was high even at room 
temperature, while diamine 5 was deuterated in lower degrees at the 3 and 6 positions o f the 
aromatic ring under the same conditions. Increasing the reaction temperature to 80 °C, 
increased the deuteration incorporation to 98 % at each site1'.
98
2 (180°C)
C 0 2H OH
3 (180°C) 4  (r.t)
" i f l
79 s^ , ^ ^ 2 1
79
5 (r.t)
Raney nickel in D2O catalyses both hydrogen-deuterium exchange and deuterium reduction o f 
aromatics to fully deuterated cyclohexanes. Sodium benzoate 6 underwent exchange to give 
pentadeuterobenzoic acid 7 at 70-80 °C in dioxane, whereas with the same catalyst in 
deuterium oxide at reflux, [2Hn]-cyclohexane 8 was formed12.
,ccf
Na'
C 0 2H c o 2h
Scheme: Reaction condition, i) deuterated Raney nickel, dioxane, 70 - 80 °C, 70% ii) deuterated 
Raney nickel, D2Q, reflux, 70 %12
In recent years, the use o f microwave irradiation has increased as an efficient source o f energy 
in synthetic chemistry. Domestic and industrial microwaves have frequencies o f 2.45 GHz 
with wavelengths o f around 12.2 cm. In microwave heating, the reactants and solvents 
directly heats without heating the reaction vessel. The energy from the microwave irradiation 
is absorbed by molecules o f solvents and solutes in the reaction mixture, by dipole rotation or 
ionic conduction which results in an increase in temperature13. Hydrogen-deuterium exchange 
o f indole 9a and iV-methylindole 9b catalysed by deuterated Raney nickel is promoted by 
microwave irradiation. D2O, CD3OD, acetone-^ and chloroform-d were tested as 
solvents/deuterium donors. More polar solvents, which have stronger interactions with 
microwaves such as deuterium oxide and m ethanol-^, gave the highest degree o f deuterium
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incorporation, but without regioselectivity. Whereas in CDCI3, indole 9a was deuterated 
regioselectively at C-3 (26 %) and N-methylindole 9b was deuterated at both C-3 (89 %) and 
the N-methyl group (65 %) after 10 and 6 minutes microwave irradiation respectively. Higher 
deuterium incorporation was observed at both sites (W-methyl group, 86 %, C-3, 80 %) when 
N-methylindole 9b was deuterated in D2O and catalysed by Raney nickel at 40°C, but this 
required a reaction time o f one week. In the case o f indole 9a a lower degree o f deuterium 
incorporation was obtained at C-3 (75 % D)14.
R
Deuterium labeling o f ketones with deuterium oxide occurs under acidic conditions via 
enolisation and can be enhanced by microwave irradiation. 4-Methyl-2-pentanone 10 and 4-n- 
heptanoylbiphenyl 12 were dissolved in trifluoroacetic acid-^i and a large excess o f D2O and 
irradiated for 15 minutes. For 4-methyl-2-pentanone 10 both the a-keto-methyl and 
-methylene groups were deuterated (85 % incorporation), whereas with 4-«-heptanoyl- 
biphenyl 12 incorporation occurred exclusively at the oc-keto-methylene group (75 % 
incorporation). Identical reactions at reflux required nine hours (11, 90 % D) or 24 hours (13, 
68 % D) for comparable degrees o f deuteration15.
CF3CO2 D, d 2o
Microwave irradiation, 
15 min.
CF3C 0 2 D, D20
Microwave irradiation, 
15 min.
12  D 13
1.2.2. The synthesis of deuterated carbohydrates
1.2.2.1. Synthesis of deuterated carbohydrates, by reduction
Catalytic deuteration o f unsaturated sugars is a convenient method to deuterate alkenes and is 
most valuable if addition is selective for one face o f the alkene group. For instance reduction 
o f the 2,3-unsaturated lactone 14, 15 using deuterium gas catalysed by Pd/C results in 
stereospecific 2^,35'-deuterium labeling and formation o f 2,3-[2H2]-2,4-di-O benzoyl-3,6-
5 Carbohydrate deuteration, introduction
dideoxy-L-flraZ>wo-hexono-l,5-lactone 16 (80% yield)16. This is remarkable because it occurs 
syn to the allylic substituent. However the ^ -N M R  coupling constants V 3 4 and V 4 5 are both 
5 Hz, which is consistant with a °Hs conformation 15 in which the 4-O-benzoate is pseudo- 
axial and the 6-methyl group is axial which disfavours approach to the catalytic surface17.
BzO
BzO OBz
D2, Pd/C
BzO
EtOAc
OBz 16
Organohalides are easily reduced to deuterated hydrocarbons by reduction with lithium
1 o
aluminium deuteride or tri-«-butyltin deuteride Consequently to apply this methodology to
sugars, the major issue is incorporation o f the halide19.
OMe OMe OMe
HO
OMe
□AID.
23
OH
'ONBS, BaC 03 n o . LiAID,
18
HO
21
OMe
OMe
o n  01Treatment o f the benzylidene sugar 17 with NBS (Hannessian-Hullar reaction ’ ) gave the 
bromobenzoate-sugar 18 which was reduced by lithium aluminium deuteride with retention o f 
configuration. The benzoyl group is reduced by UAID4 to the alkoxide 20, which undergoes 
intramolecular nucleophilic displacement o f the bromo-substituent to give the epoxide 21, 
facilitated by the rram-relationship between the bromo- and alkoxide-substituents. Attack of 
deuterium occurs axially from the unhindered top face o f the ring to C-3, to give 3-[2Hj]-3,6-
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dideoxy-a-L-tfraftmo-hexopyranoside 23. This can be rationalized as Jram'-diaxial ring 
opening or intramolecular donation of hydride from a 4-O-aluminum alkoxide 22, albeit this 
requires a ring flip which places the substituents at C-4 and C-5 in axial positions.
PPh3
HO HOHO r  o OMeHO
HO HOHO
OMe THF OMe
24a
Ph' Ph
OMe Ph3P, Toluene, reflux o.
Ph 26
Deuterium was incorporated at both C-3 and C-6 positions o f 3,6-[2H2]-paratose 28 by 
reduction o f 3,6-dibromo-allopyranoside 27 with lithium aluminium deuteride. Nucleophilic 
substitution at C-6 by bromide is straightforward, while the C-3 position in the 4Ci 
conformation o f the a-anom er o f glucopyranoside 24a is usually resistant to substitution, due 
to steric hinderance by a 1,3-diaxial interaction between the anomeric methoxyl group and the 
incoming nucleophile. However this center (C-3) is brominated with inversion o f 
configuration by using 2,4,5-tribromoimidazole 25 and triphenyl phosphine in refluxing 
toluene (Garegg’s reagent22). A plausible mechanism involves inversion o f conformation ffom 
4Ci to a at high temperature, by cyclic phosphonium diester bridging between 0-2  and O- 
423, leaving the hydroxyl group at C-3 free for nucleophilic displacement as the phosphonium 
derivative by bromide 2624. Nucleophilic substitution (Sn2) o f dibromide 27 by deuteride 
using UAID4 occurs with inversion o f stereochemistry at C-3 and C-6 to give 3,6-[2H2]- 
paratose 28 in 22 % yield16.
Both 3-[2Hi]-D-allose 33 and 3-[2Hi] -D-glucose 35 were synthesised from D-glucose 29. 
Conversion to diacetone glucose 30 (DAG, l,2:5,6-di-Oisopropylidene-a-D-glucofuranose) 
and oxidation, by the Albright-Goldman variant25 (DMSO, AC2O) o f the Swern oxidation, 
gave l,2:5,6-di-0-isopropylidene-a-D-ribo-hexofuranos-3-ulose 31. Reduction o f the ketose 
31 with sodium borodeuteride stereoselectively afforded 3-[2Hi]-l,2:5,6-di-0-isopropylidene- 
a-D-allofuranose 32a by delivery o f deuteride from the less hindered “top” face and acidic 
hydrolysis yielded 3-[2Hi]-D-allose 33. Alternatively the stereochemistry at C-3 was inverted, 
by conversion to the toluene-/?-sulfonate 32b and treatment with sodium benzoate in hot 
DMF. This resulted in Sn2 inversion at C-3 to give the D-g/wco-derivative 34b. Alkaline 
hydrolysis o f the benzoate 34b and acidic hydrolysis o f the isopropylidene groups gave 3- 
[2H,]-D-glucose 3526.
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29  D-Glucose
a R = Bz
3 5  3-pH^-glucose b R = H 3 3  3-pH^-allose
Scheme: Reaction conditions: i) Acetone, HC127, ii) dimethyl sulfoxide, acetic anhydride, iii) NaBD4, 
MeOH, 69 %, iv) /?-TsCl, pyridine, quantitative yield, v) NaOBz, DMF, reflux, 24 hr., vi) NaOMe, 
MeOH, 2 hr., 85 %, vii) Amberlyst resin, water, heating, 5 hr, (31, quantitative yield; 29, 83 %)26.
Hydrogen-deuterium exchange o f the a- and |3- anomers o f methyl 4,6-O-benzylidene-D- 
glucopyranoside 36, 39, in a redox procedure using Zu's’-tributyltin oxide-bromine and sodium 
borodeuteride, results in deuteration at C-2 and C-3 respectively. The anomers 36, 39 were 
regioselectively oxidized to the ketones 37, 40 with an excess o f (Bu3Sn)20 in refluxing 
chloroform followed by brominolysis o f the cooled mixture (93%, 63% yield respectively). 
Reduction o f the a-anom er 37 by NaBD4 gave 2-[2Hi]-4,6-0-benzylidene-a-D- 
glucopyranoside 38 as the only product in quantitative yield, whereas the (3-anomer 40 was 
reduced to a mixture o f 3-[2Hi]-f3-D-alloside 41 and 3-[2Hi]-f3-D-glucoside 42 in a 2:1 ratio28.
Ph'
HOHO HO
HOHO
OMeOMe OMe
Ph'
.OMe
Ph'Ph'
HO
41 HOOMe.OMeHO
HOHO
4 0
Ph'
.OMeHO
HO
4 2  D
Scheme: Reaction conditions: i), (Bu3Sn)20 , CHCl3, reflux, Br2, 0° C, (37, 93 %; 40, 63 %), ii) 
NaBD428.
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I.2.2.2. Synthesis of deuterated carbohydrates and inositols, by hydrogen-deuterium  
exchange
Deuterium incorporation at the C-2 position o f methyl pyranosides and their derivatives has 
been used to identify stereoisomers by mass spectrometry. 2-O-Benzyl-D-glucose 43 was 
dissolved in 1.7 M sodium deuteroxide and stirred for 10 days at room temperature. 
Neutralization with acetic acid-Ji generated 2-[2Hi]-2-0-benzyl-D-glucose 44 in 89 % yield. 
The !H-NMR spectrum showed two singlet resonance peaks at 5.26 ppm and 4.70 ppm 
corresponding to the a- and p-anomers respectively. The benzyl ether anomers 44 were 
hydrogenolysed using 5% palladium on charcoal to give 2-[2Hi]-D-glucose 45 (75 % yield), 
which in turn was reacted with acidic methanol to obtain a mixture o f a- and p-methyl 
glucopyranosides 46 after purification. Treatment o f the anomers 46 with trifluoroacetic 
anhydride in ethyl acetate at 100°C gave the deuterated trifluoroacetates 47 which were 
characterized by mass spectra and compared with the non-deuterated trifluoroacetates o f a- 
and methyl-P-D-glucopyranoside 4929,30.
HO
_-OH
HO
NaOD HO HO
OBn OH ° 2 °
43
OH
OH
D
Pd/C
OBn OH H2
4 4
HO
48 (cf 2 4a )
OH 0M e
TFAA 
EtOAc, 100°C
OH
D
HO
HO
OH OH
4 5
 OH
HO'
OH OMe
46
MeOH
^ -O T F A
T F A O -" ^
TFAO'.
49  OTFA OMe
r
-OTFA
n
TFAO
TFA O ^V .
47
\
OTFA 0M e
TFAA 
EtOAc, 100°C
Hydrogen atoms bonded to carbon atoms bearing hydroxyl groups undergo exchange with 
deuterium in refluxing deuterium oxide catalysed by Raney nickel. The reaction is applicable 
to all the major classes o f glycosides: fiiranosides, pyranosides, disaccharides, and 
cyclodextrins except polysaccharides and is economical, simple and convenient31. Exchange 
is inhibited by aldoses and ketoses, which has been attributed to depletion o f “active 
hydrogen” due to reduction o f the carbonyl group to the alcohol. Raney nickel is used in the 
commercial hydrogenation o f glucose to sorbitol32. With simple alcohols such as 2- 
methylcyclohexanol, deuterium is also incorporated at positions adjacent to the carbon 
bearing the hydroxyl group and epimerization occurs, which is consistant with ketone 
formation and enolisation.
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Raney nickel was invented by Murray Raney in 192633 for “the hydrogenation o f  oils, fats, 
waxes and the like”34. Raney nickel catalyst is manufactured by treating an alloy of consisting 
o f equal weights o f aluminum and nickel35 with sodium hydroxide36,37. The aluminum 
dissolves to give sodium aluminate, hydrogen and the catalyst which is formed has a highly 
porous structure with a high surface area (about 100 m2 g’1)38,39, which typically contains 85 
% nickel by weight and a 2:1 molar ratio o f nickelialuminium.
2A1 + 2NaOH + 6H20  -*  2Na[Al(OH)4] + 3H2
During the course o f activation hydrogen is formed on the surface o f the catalyst. Hydrogen 
seems to be bound in two forms; one o f which is tightly bound atomic hydrogen bonded to 
three nickel atoms, and the other is more weakly bound as chemisorbed molecular 
hydrogen40,41.
Different hydrogen atoms in the same molecule are exchanged at different rates and 
replacement occurs with retention o f configuration. However, when the reaction mixture is 
refluxed with Raney nickel in deuterium oxide for an extended time, isomerization does 
occur, but it is much slower than exchange. For instance, methyl-a-D-galactopyranoside 50a 
undergoes deuteration with retention o f configuration 51 in the early stages o f the reaction 
and is slowly isomerised to the glucopyranoside 52.
Raney nickel, D20
50a  Ga/acto H 0 OMe 51 Galacto d OMe
52 Gluco n
.__ OH
V ^ o v
* H 2 _ h o \ ^ * A  Fast Slow
OMe
Oxidation HO
53 bound to catalyst
+ D, Reduction
OMe
The exact mechanism o f the Raney nickel exchange reactions are still in doubt, though they 
may be explained by a mechanism in which the hydroxyl groups are oxidised to the 
corresponding ketone 53 and then reduced with incorporation o f deuterium42. However, in the 
early stages o f the reaction, exchange occurs with retention o f configuration and this cannot 
be explained by the intermediacy o f a free ketone. It may be that in the early stages o f the 
reaction, a catalyst bound ketone undergoes exchange with retention o f configuration and that 
isomerisation results from reduction o f ketone with incorporation o f deuterium, which has
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become unbound from the surface and then rebound (dehydrogenation-redeuteration process). 
Hence under these circumstances galactopyranosides (and mannopyranosides) give the 
thermodynamically more stable glucopyranosides43. The deuteration o f several methyl 
pyranosides and furanosides over Raney nickel in different periods o f time has been 
investigated. Some selectivity was achieved, but the exchange method was not highly 
regioselective and it was not possible to isolate pure products (Table l 3144)
Table 1. The rate of H-D exchange of methyl hexopyranosides 24a, 54a, 50a over Raney nickel in
d 2o .
Hexopyranoside Structure Rate of exchange Explanation
Methyl-a-D-
glucopyranoside
6
HO-T\ u --0 H-2, 4 >  3 > 6R>
AC
O-Me is trans toH O ''''\ ''-
HO^X 2 \ H-2,
24a 3
~ \ i
HO 1 OMe
Do H-4 is unhindered
M p fh v l-ry -H -
HO----- \ HO , J 0 O-Me is ci? to H-2lvidiij r u  l/
mannopyranoside
54a
H O ^ \ ^
HO^V-
OMe
H-4 > 2 > 3, 6R > 
6S
V/ 1»1 v 1J Ctu v 1 1
H-4 is syw-axial 
with OH-2
Methyl-a-D-
HO
H0' ^  
h p i . \  ^
^O
H-4 > 2 > 3 > 6
H-4 is equatorial, 
O-Me is trans togalactopyranoside 50a a
OMe
H-2
The factors affecting the rate o f exchange in inositols 55 - 58 with Raney nickel catalyst can 
be summarized as follows. Equatorial protons exchange more rapidly than axial protons and a 
syn-axial hydroxyl group retards exchange and a syn-axia\ methoxyl group even more so. 
Rapid exchange is promoted by an equatorial hydroxyl group on a neighboring carbon atom, 
whereas a neighboring methoxyl group retards exchange. An equatorial methoxyl group 
retards exchange more efficiently than an axial methoxy group and an equatorial hydroxyl 
group on the other side to the methoxyl group increases the retardation45. As with glycosides 
isomerisation occurs when the reaction mixture is refluxed for an extended time46. The higher 
reactivity o f equatorial protons and isomerisation was exploited in the synthesis o f scyllo- 
inositol 56 from wyo-inositol 55. When /wyo-inositol 55 was refluxed with Raney nickel in 
water for 24 hours, 20 -  30 % was converted to scy//o-inositol 56, which was isolated in 20 % 
yield47.
HO 
I OH OH
u rtOH HOHOHO
HOHO OHHO
HOHO OHHO OH
HOHOHO
55 myo-inositol 5 6  scyllo-inositol
OH
5 7  c/7/ro-inositol 58  ep/-inositol
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Similarly the fluorinated myo-inositol 59, underwent preferential exchange o f the sole 
equatorial proton at C-2 (60) followed by slow exchange at the two flanking positions, but no 
exchange occurred at C-4, C-5 or C-6 (61)48.
Raney Nickel Raney Nickel
59 5-Deoxy-5-fluoro-myo-inositol 60 D 61
Raney nickel catalysed hydrogen-deuterium exchange has also been applied to dissacharides 
and higher sugars. The C2-symmetrical di-a-glucopyranoside trehalose is selectively 
deuterated at C-2 and C-4 with similar selectivity to methyl-a-D-glucopyranoside 24a49. The 
same selectivity is shown with the glucopyranoside moiety o f sucrose, whereas the furanoside 
ring is selectively deuterated at C-350. 1,6-Anhydroglucose (cf. 66) is deuterated preferentially 
at C-3, then C-4 and then much more slowly at C-251. Exhaustive deuteration o f 1,6-anhydro- 
(3-cellobiose 66 with five weight equivalents o f Raney at reflux for 24 hours resulted in >= 90 
% incorporation o f deuterium at all hydroxylated sites. The acetylation-deacetylation 
purification sequence indicates that isomerisation to other stereoisomers was likely a problem 
and the yield was very low52.
Raney Nickel 
D20
,OH OH
Raney Nickel
D20V O H
HO
64 Sucrose OH
6 2  Trehalose exchange at C- 6
65  Also partial 
exchange at C- 6  & C-6 '
a Raney Nickel, D2 0 , A 
b Ac^O, pyr. 
c NaOMe, MeOH
d Amberlyst IR-120, H+ 
e  Ac^O, pyr.
66 1,6 -Anhydro-p-cellobiose 67  22 % yield,
>= 90 % deuteration
Scheme: Raney nickel catalysed deuteration with deuterium oxide of the disaccharides: trehalose49, 
sucrose50 and 1,6-anhydro-P-cellobiose52.
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Chapter 2
Results and Discussion
2. Raney nickel catalysed deuteration of sugars using ultasound
2.1. Introduction
Cyclodextrins readily bind small organic molecules from aqueous solution and the binding 
can be measured by NMR. However this method is compromised by the presence o f the 1H- 
NMR resonances o f the cyclodextrin protons. Exchange o f these protons using Raney nickel, 
would enable a wider range o f binding studies to be performed. p-Cyclodextrin 94 has a total 
o f 28 exchangeable (7 x [H-2, H-3, H2-6]) and previous studies have shown that complete 
deuteration is difficult to achieve3133. It has been reported that Raney nickel catalysed 
hydrogen-deuterium exchange o f methyl-a-D-galactopyranoside 50a catalysed by Raney 
nickel is enhanced under ultrasonic irradiation.
Raney nickel
- 4
OMe 50a Solvent-D?0
HO 6 
HO' "
4 V ^ 2° \
ho\ ^ A i
D HO I
OMe 68a
Deuterations were conducted in eight deuterium oxide/organic solvent mixtures (Graph 1). 
Deuterium incorporation occurred preferentially at C-4 for all solvent systems. The C-3 
position was deuterated in seven solvent pairs but not in a mixture o f 1,2-dimethoxyethane 
and D2O. No deuterium was incorporated at C-2 position in 1,4-dioxane and D2Q, but this
position was deuterated in the other seven solvents54
Graph 1. Raney nickel catalysed deuteration of a-methyl-D-galactopyranoside 50a.
% Incorporation of deuterium at C-2, C-3, C-4, ranked left to right according to average
incorporation
□  C-4
□  C-3 
■  C-2
2,5-Dimethyl-THF
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The use o f ultrasound irradiation in organic, inorganic and organometallic synthesis 
(sonochemistry) has been a valuable method in the last two decades. Ultrasound has 
frequencies o f around 20 KHz to 10 MHz with wavelengths o f roughly 100 to 0.15 mm. The 
chemical effect o f ultrasound does not result from direct interaction of sound with molecular 
species, instead ultrasonic irradiation causes the phenomena o f acoustic cavitation in liquids.
Cavitation is the formation, growth and implosive collapse o f bubbles in a liquid. When 
ultrasound passes through a liquid, like any sound wave it consists o f expansion and 
compression waves, which compress and stretch the liquid, this forms bubbles that are filled 
with vapour (from evaporation o f liquid). Once formed, small gas bubbles irradiated with 
ultrasound absorb energy from the sound and grow. These bubbles subsequently collapse 
which generates high local heating and pressure which enhances chemical reactions55.
Acoustic Cavitation
i  i  »  i  n
Compression Compression
Rarefaction Rarefaction
bubble
forms
bubble grows in 
successive cycles
reaches 
unstable size
5000"C 
2 0 0 0  ats
► undergoes 
violent 
collapse
Figure 1: Generation of an acoustic bubble56
Ultrasound irradiation is widely used to cleanse the surfaces o f jewellery, machine parts and 
heterogeneous catalysts. In heterogeneous reactions, involving liquid and solid phases 
irradiated by ultrasound, cavitation occurs but the bubbles collapse in a different way which is 
no longer symmetrical. In these systems, the liquid phase movement is hindered by the large 
solid surface, hence the liquid from the other side will flow inside the bubble which causes 
collapse at or near surface. This will generate a liquid jet at the surface with speed o f  100 m
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s’1 which is highly effective in removing impurities from the surface o f the catalyst, and 
consequently increases the surface area o f the catalyst available for reaction57.
Asymmetric Collapse
Mtcrojet
Solid surface
Figure 2: Bubble collapse at a solid surface58
Ultrasonication o f Raney nickel removes superficial oxides and induces surface cracking to 
reveal fresh nickel surfaces59. Ultrasonication has been used with a range o f other nickel 
based catalysts, for the deuteration o f methyl (3-D-galactopyranoside 69 with D2O but these 
were all ineffective. Doping the catalyst with transition metals reduced activity, except for 
chromium(III) doping which gave a slightly more active but less selective catalyst (Table 2)60.
Table 2. Site selectivity of hydrogen-deuterium exchange of methyl-p-D-galactopyranoside 69 
with P 20  catalysed by doped and undoped Raney nickel60._______________________________
HO
Time’ C-2 C-3 C-4 mins
Raney nickel, 
THF, D20 CatalystHO'
HO OMe Raney nickel 
70 Raney nickel,
HO OMe
180 40 72
HOHO
HO
HO'I'
Cr3+ 180 21 97 98
2.2. Initial study
We first set out to explore the deuteration reaction o f three hexopyranosides (gluco 24a, 
manno 54a, galacto 50a) under the same conditions, which have been reported previously31,44, 
to enable a comparison to be made between the silent and ultrasound irradiated reaction.
Raney nickel was washed with D2O two or three times and then glucopyranoside 24a was 
added. A range o f conditions were examined with either magnetic stirring or with heating to 
reflux alone (Table 3). Deuteration was also attempted using 10 % palladium on carbon in 
deuterium oxide, but this did not give the desired compound after 2 h. reflux, and instead the 
starting material was recovered.
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Table 3. Optimisation o f the deuteration of glucopyranoside 24a by D20  catalysed by Raney 
nickel.
Entry Gluco 24a, g Raney nickel, g D20 , ml Conditions Partially deuterated protons
1. 1 10 4 3 d, r.t., 48 h, 90°C 2, 3, 4 and perhaps 5
2 . 1 12 4 reflux, 18 h. 10% at C-2
J. 0.2 2 20 reflux, 2 d. 2, 3, 4, 5, 6a
4. 0.2 J> 20 reflux, 3 d 2, 3, 4, 6
5. 0.2 9 11 reflux, 20 h. 2 ,3 ,4
6 . 0.2 12 20 reflux, 21 h 2, 3 and perhaps 4
In all cases the deuteration was very slow and unselective, despite the presence o f large 
amounts o f Raney nickel; even up to 12 g/g o f glucopyranoside 24a (Entry 2). In the 
magnetically stirred reactions, the Raney nickel particles were attracted to the magnetic bar 
and dispersion o f  the catalyst was poor, even with rapid stirring. Consequently, in later 
reactions agitation by reflux alone was used.
2.3. Methodology development
Use o f ultrasound in hydrogen-deuterium exchange o f methyl-a-D-glucopyranoside 24a with 
D2O over Raney nickel was investigated with various reaction conditions, but all at room 
temperature (Table 4). There was partial change in only one case, ultrasonication for 2 hours 
(entry 1) resulted in circa 10 % deuteration at C-2. As a result, this approach was abandoned 
because the conversion was too low.
Table 4. Deuteration o f glucopyranoside 24a in D20  (4 mis) catalysed by Raney nickel using 
ultrasonic irradiation, without heating.
Entry Glucopyranoside 24a, g Raney Ni, g Weight ratio3 Reaction time, h
1. 1 4 4 2
2 . 0.2 1 5 3
3. 0.2 12 60 4
aWeight Raney NickelYweight glucopyranoside 24a
Ultrasound and Reflux: In a slightly different method for deuteration o f the catalyst, Raney 
nickel (12 g, wet) was placed in a flask with deuterium oxide (4 ml) was added and the 
supernatant layer removed (5 ml). The washing was repeated twice more and every time the 
wet solid was left with no supernatant layer. Finally the catalyst was ultrasonicated in 
deuterium oxide (4 ml) for 2 h. When a mixture o f the glucopyranoside 24a (200 mg) and 
activated Raney nickel (12 g) were refluxed in deuterium oxide for only half an hour,
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exchange occurred exclusively predominantly at C-2 and C-4 and circa 30 % at C-3 (71a). 
Whereas heating the glucopyranoside 24a (200 mg) for 16 h. at 80°C, resulted in formation o f 
predominantly (2,3,4-2H3)-methyl-a-D-glucopyranoside 72a. The protons at C-2 and C-4 were 
completely exchanged and 64 % deuterium incorporation occurred at C-3 position. These two 
procedures were adopted as standards and are described as the half hour and the sixteen hour 
procedure respectively. The NMR data used in the determination o f incorporation rates is 
discussed in the next section.
Raney nickel,
i) D20 , 2 h 
ultrasound
HO'ii) 0.5 h, reflux
HO 7 1 a  (2,4-2 H2 )-methyl-< 
D-glucopyranosideHOHO Activated deuterated 
Raney nickel HOHO
OMeHO
HO HO'OMe 24a
HO
7 2a  (2,3,4-2 H3)-methyl-< 
D-glucopyranoside
or ii) 16 h, 80°C HO
HO
D OMe
2.4. Spectroscopic characterisation
Assignment o f the ’H-NMR spectrum o f simple glycosides is comparatively difficult because 
o f poor signal dispersion, even at 500 MHz. The literature chemical shifts and coupling 
constants o f methyl-a-D-hexopyranosides 24a, 54a, 50a are summarised in Tables 5 and 7 
and our observed values in Tables 6 and 8. Assignments o f the *H and 13C-NMR are based on 
HSQC, HMBC, and DEPT-NMR based correlations, rooted on the only two unambiguous 
NMR signals; the anomeric carbon and C-6 in the 13C-spectra.
Table 5. Literature ’H chemical shifts of methyl-a-D-hexopyranosides 24a, 54a, 50a in D20 .
Compound 1 2 3 4 5 6 R 6 S o c h 3 Literature
Gluco 24a 3.76 3.89 61
3.65 3.75 3.85 62
4.80 3.55 3.66 3.40 3.64 3.75a 3.87a 3.42 63
Manno 54a 3.70a 3.54a 3.2 64
4.77 3.94 3.77 3.67 3.61 3.78a 3.90a 3.42 65
5.27 4.45 4.12 3.94 66b
- 0.52 ppmb 4.75 3.93 3.60 Correctionb
4.761 3.929 3.751 3.640 3.604 3.898a 3.755a 67
4.76 3.93 3.76 3.64 3.62 3.90a 3.76a 3.41 63
Galacto
50a
3.70 3.70 61
3.90 3.69 3.69 62
4.84 3.81 3.81 3.97 - 3.89 3.74a 3.74a 3.41 63
a R or S  unknown.b 
0.52 ppm
The data reported in reference 66 apparently has a systematic error o f +
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Table 6. Observed 'H-chemical shifts of methyl-a-D-hexopyranosides 24a, 54a, 50a in D20  and 
CD3OD
Proton Solvent 1 2 J 4 5 6a 6b OCH3
Gluco 24a, D20 4.72 3.47 3.58 3.31 3.55 3.78 3.66
Manno 54a d 2o 4.60 3.76 3.57 3.46 3.46 3.57 3.22
CD3OD 4.71 3.86 3.75 3.68 3.57 3.92 3.79 3.46
Galacto 50a d 2o 4.75 3.66 3.66 3.82 3.74 3.70 3.70 3.34
CD3 0 D 4.74 3.78 3.74 3.90 3.78 3.74 3.70 3.42
Analysis o f the ’H-NMR spectrum o f  the mannopyranoside 54a was difficult because o f 
overlapping signals, but the dispersion was better in m ethanol-^ (Table 6). The galactoside 
50a showed even less proton dispersion in D2O or m ethanol-^. The proton coupling 
constants and their related chemical shifts o f methyl-a-D-hexopyranosides 24a, 54a, 50a are 
listed in Tables 5 and 6 . The 'H-NM R chemical shift data shows good agreement between the 
literature values and our observed values. The results o f Andersson and Kenne63 are the most 
comprehensive and recent and hence are used for comparisons. For the glucopyranoside 24a 
there is a systematic difference (observed -  literature o f -0.085 ± 0.005 for all signals, except 
for H-6a (0.03) and H-6b (-0.21), which have a large geminal coupling constant and hence the 
apparent chemical shifts are more sensitive to the spectrometer frequency. For the 
mannopyranoside 54a there is a systematic difference o f -0.16 to -0.19 for all signals and for 
the galactopyranoside 50a the differences range from -0.04 to -0.15. Overall, there is an 
excellent fit between the literature and our observations.
Table 7. Literature 
D20 .
'H -'H  coupling constants of methyl-a-D-hexopyranosides 24a, 54a, 50a in
Compound V l,2 V 2 . 3 V 3 . 4 3 T"4 ,5 3 T *^5,6a 3 T" 5 ,6 b *Aa,6b Literature
Gluco 24a 5.4 2.2 12.3 62
4.0 10.0 10.0 10.0 5.8 2.8 12.8 68
Manno 50a 1.9a OO a
s
12.0 62
1.6 2.9 66
1.8 3.5 9.7 10.0 2.6 5.8 12.3 67
1.6 3.5 10.0 10.0 1.9 5.8 12.0 68
Galacto 54a 6.4 5.3 62
7.8 6.0 61
3.0 9.8 2.3 1.0 4.6 8.2 12.2 69
a R or S  unknown
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Table 8 . Observed ^ - 'H  coupling constants of methyl-a-D-hexopyranosides 24a, 54a, 50a in 
D20  and CD3OD.
Coupling Solvent 3A i 3J l 3 V3i4 3 T•^4,5 3 T * o ,6 a 3 T J 5 ,6  b 2 T*^6a,6b
Gluco 24a D20 3.7 9.8 9.4 9.6 5.5 2.0 12.2
Manno 54a d 2o 1.5 3.2 9.4 9.5 2.4 5.9 11.8
c d 3o d 1.6 3.3 9.4 9.4 2.4 6.0 11.8
Galacto 50a d 2o 3.7 9.3 2.6 1.5 6.3 5.4 11.8
CD30D 3.6 9.8 3.0 overlap 5.4 2.0 11.0
The literature and observed coupling constants are shown in Tables 7 and 8. All o f the 
coupling constants in our work were calculated by taking the peak list and entering the data 
into the computer program Multiplet70. Briefly, this calculates coupling constants by 
averaging appropriate line separations in a multiplet, permutates the separations and then 
determines the fit o f  the permutation result to the data. Consequently the accuracy o f the 
results can exceed the digital resolution o f the spectra for a signal with high multiplicity. 
None o f the signals in the data are more complex than doublets o f doublets and hence the
averaging has minimal effect. All o f our results are the same as the literature values within the
1 ^limits o f digital resolution (± 0.3 Hz). The C-NMR chemical shifts showed a systematic 
error o f circa 1 ppm for all signals (Table 9), except for C -l and C-3 o f the glucopyranosides.
Table 9: Literature, observed and differences (observed -  literature) 1 C chemical shifts of 
methyl-a-D-hexopyranosides 24a, 54a, 50a in P 20 ._________________________________
Compound C-l C-2 C-3 C-4 C-5 C-6 OCH3
Gluco 24a
71Literature see also 100.0 72.2 74.1 70.6 72.5 61.6 55.9
Observed 99.6 70.8 71.6 69.7 71.4 61.2 55.4
Differences -0.4 -1.4 -2.5 -0.9 - 1.1 -0.4 -0.5
Differences (observed -- literature) -0.4 to -2.5 ppm (upfield)
Manno 54a
71 £>*1Literature see also 101.9 71.2 71.8 68.0 73.4 62.1 55.9
Observed 100.7 69.7 70.4 66.6 72.4 60.8 54.5
Differences - 1.2 -1.5 -1.4 -1.4 - 1.1 -1.3 -1.4
Differences -1.2 to -1.5 ppm (upfield).
Galacto 50a
Literature71 100.1 69.2 70.5 70.2 71.6 62.2 56.0
Observed 99.2 68.0 69.3 69.1 70.6 61.1 54.8
Differences -0.9 - 1.2 - 1.2 - 1.1 - 1.0 - 1.1 - 1.2
Differences between -0.9 to -1.2 ppm (upfield)
Replacement o f hydrogen by deuterium, obviously results in the loss o f that signal from the 
’H-NMR spectrum and the coupling in which the hydrogen is participating. As ]H-2H 
coupling constants are 15 % o f the corresponding ^ - ’H values any coupling constant below 
about 7 Hz will only be observed as line broadening under most circumstances in the
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deuterated compound. Substitution by deuterium also changes the chemical shift o f  the 
attached carbon (0.1 to 0.6 ppm), adjacent carbons (<0.15 ppm) and adjacent protons (0.1 to 
0.2 ppm). If the !H-NMR spectrum o f a compound has poor dispersion, unselective 
deuteration gives a mass o f peaks that are exceedingly difficult to analyse. Moreover the 
pyranosides 24a, 54a, 50a are only appreciably soluble in water, methanol and DMSO, and 
have similar chemical shifts in these solvents. As a consequence o f this we decided to prepare 
derivatives for analysing the deuterated products and/or the reaction mixtures.
2.5. Acetylation of methyl-a-D-hexopyranosides 24a, 50a, 54a
The peracetates o f sugars are non-polar and consequently easier to purify by chromatography; 
they are frequently crystalline, soluble in a range o f organic solvents and the ’H-NMR spectra 
have better dispersion. Therefore we would be able to measure multiple sets o f NMR data if 
required in several solvents o f different types (e.g. CDCI3 and C6D6). The *H-NMR spectrum 
o f glucopyranosides 24a, is comparatively easy to assign, because there are few overlapping 
protons compared to the mannopyranoside 54a, or the galactopyranoside 50a, but it was also 
acetylated to compare with the others. The hexopyranosides 24a, 54a, 50a were acetylated by 
a general procedure72 which is used for carbohydrates. A large excess o f pyridine and acetic 
anhydride (50, 20 equivalents respectively) in dichloromethane at 0°C, was added to the 
hexopyranosides 24a, 54a, 50a with stirring for 3 h. and then kept in the refrigerator for 2 
days. Water-sodium bicarbonate workup and a wash with copper sulfate to remove excess o f 
pyridine yielded the tetra-O-acetyl-hexopyranosides 24b, 54b, 50b in fair to good yields. ]H- 
NMR spectroscopic analysis showed down-field proton shifts for secondary protons (2, 3, 4- 
H) attached to acetoxy groups, relative to the parent alcohols 24a, 54a, 50a.
HO
HO'
HO
HO
OMe
OHHO'
HO'
HO
OMe
HO
HO'
HO
HO
 2 4 a  Gluco
AcO
AcO
AcO
AcO
OMe
OAcAcO
AcO
AcO
OMe
OAc
AcO '
AcO
AcO
OMe 5 0 a  Galacto OMe 5 0 b  58 % yield
Scheme: Conditions i) Ac20 , pyridine, CH2CI2, 2 h., 0° C; 2 d., refrigerator.
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2.5.1. Analysis of the 'H-NMR spectra of tetra-O-acetyl-hexopyranosides and the Raney 
nickel catalysed deuteration of manno- and galacto-pyranosides 54a. 50a by deuterium  
oxide.
The preliminary study indicated that ultrasound treated Raney nickel was more active in 
deuteration reactions than untreated Raney nickel, and some selectivity was achieved in the 
deuteration o f glucopyranoside 24a. The half hour procedure resulted in incorporation o f 
deuterium predominantly C-2 and C-4, whereas the sixteen hour procedure, resulted in 
deuteration predominantly at C-2, C-3 and C-4. Consequently deuteration o f the manno­
pyranoside 54a and galactopyranoside 50a were investigated under similar conditions.
In a 13C-NMR spectrum of the deuterated glucopyranoside 71a, the signals expected for C-2 
and C-4, which appear at 70.8 ppm and 69.7 ppm for the undeuterated glucopyranoside 24a 
were not observed due to deuteration at those positions. This was confirmed in a !H NMR 
spectrum in which the proton at C-l appeared as a singlet. Deuterated glucopyranoside 71a 
was acetylated and 'H NMR spectrum o f the tetra-O-acetyl derivative 71b showed two singlet 
signals due to H-l and H-3 at 4.96 and 5.49 ppm respectively. 13C chemical shifts and 'H -1!-! 
coupling constants o f gluco derivatives are summarised in Tables 10, 11.
Ultrasonicated 
H O *" ^ \ Raney Nickel, HO
H O " " '^ ''^ ° \ _j^ O________  HO-"
HO” y  ^  \  0.5 h, reflux
HO I
OMe 24a
Table 10. 'H^H-NMR coupling constants patterns of methyl-a-D-glucopyranoside 24a, (2,4-2H2)- 
a-methyl-D-glucopyranoside 71a, 2,3,4,6-tetra-O-methyl-a-D-glucopyranoside 24b, (2,4-2H2)- 
2,3,4,6-tetra-O-methyl-a-D-glucopyranoside 71b.
Compound / Proton position 1 2 3 4 5 6a 6b
Glucopyranoside 24aa d, dd, 9.8,3.7 t, t, ddd, 10.0,5.5, dd, 12.2 , dd, 12.2 ,
3.7 9.4 9.6 2.0 2.0 5.5
(2,4-2H2)-glucopyranoside s NO ND NO ND dd, 12.3, dd, 12.2 ,
71aa 2.3 5.5
Tetra-acetate 24bb d, dd, 10.2 , t, t, ddd, 10.2, 4.5, dd, 12.3, dd, 12.3,
3.7 3.7 9.8 9.8 2.3 4.6 2.3
(2,4-2H2)- tetra-acetate 71bb s NO  s NO dd, 4.5, 2.1 dd, 12.3, dd, 12.3,
4.5 2.2
% Deuterium 0 100 30 100 0 0 0
NO, not observed; ND, not determined; aD20 ; bCDCl3
D Ac2 0 , pyr., A c O ' A  D
-1 0 CH2 CI2 |AcO 4 \ ~ ^ —
A c O A l—
HO
OMe 7 i a (2,4-2 H2)- 
a-methyl-D-gluco 
pyranoside
AcO
OMe 71b
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Table 11.13C-NM R chemical shifts o f methyl-a-D-glucopyranosides 24a, 71a, 24b, 71b (c f  
Table 9).
Compound / Carbon position 1 2 4 5 6 OCH3
Glucopyranoside 24aa 99.6 70.8 71.6 69.7 71.4 61.2 55.4
(2,4-2H2)-glucopyranoside 71aa 99.5 NO 72.2 NO 71.8 60.7 55.3
c24,  - deuterated 0.1 - 0.6 -0 .4 0.5 0.1
Tetra-acetate 24bb 97.1 71.1 70.4 68.8 67.5 62.5 55.8
(2,4-2H2)- tetra-acetate 71bb 95.7 NO 68.9 NO 66.0 60.8 54.4
c24b - deuterated 1.4 1.5 1.5 1.7 1.4
NO , not observed; ND, not determ ined;a D20 ;  b CDC13
Unlike the deuterated glucopyranoside 71a, the NM R spectra o f  the deuterated compounds 
form ed from the m annopyranoside 54a and galactopyranoside 50a were comparatively 
difficult to interpret due to overlap o f  signals, consequently the use o f  the tetra-O-acetates was 
essential.
W hen the m annopyranoside 54a was subjected to the h a lf  hour procedure, the ]H-NM R 
spectrum  o f  the product showed a singlet peak for H -l, and a weak doublet o f  3.6 Hz for H-2 
(Table 12). The coupling constants for H-6a, H-6b were identical to those observed for 
undeuterated m annopyranoside 54a. which indicates there is no appreciable deuteration at C-5 
or C -6 . (Table 13). Com parison o f  the N M R spectra o f  the deuterated tetraacetate and the 
undeuterated tetraacetate 54b indicated circa 72 % deuteration at C-2 and C-4 plus 67 % at C- 
3, but not at any-other site. This is clearly consistent with the presence o f  the (2 ,3,4 -2H2)- 
isotopom er 73b as the predom inant component, however the weak signals for the partially 
deuterated isotopom ers give an interesting insight into the selectivity, albeit that not all 
signals were distinguishable. The absence o f  a doublet o f  doublets for H-3 excludes the 
possibility that any non-deuterated m annopyranoside 54b is present, which is important for 
the argum ents for assigning the structures o f  74b and 78b, which could otherwise could be 
deuterium  or hydrogen at C-4 or C-2 respectively. Similarly the absence o f  a doublet signal 
for H-2, m eans that C-2 o f  the isotopom er 77b m ust bear a deuterium , albeit that chemical 
shift coincidence and the small value o f  3J \ 2  (1.3 Hz) might cause this signal to be hidden 
under the observed doublet o f  doublets. The presence o f  a deuterium at C-2 is confirmed by 
the absence o f  a doublet signal for H -l, albeit as a minor com ponent this could be easily 
hidden under the singlet observed. The signals and the structures which they indicate are as 
follows: doublet o f  doublets for H-2, 74b; singlet for H-3 75b; doublet for H-3, 76b; doublet 
for H-4, 77b; and the triplet for H-4, 78b, which is identical to structure 76b deduced 
previously. There are eight possible regio-isotopom ers for hexopyranosides containing 0 - 3
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deuteriums, at positions C-2, C-3 and C-4. O f the three possible monodeuterated 
mannopyranosides, two are present 74b, 76b and the 3-[2Hi]-regioisomer is absent. Similarly, 
o f the three possible dideuterated derivatives, two are present 75b, 77b and the 3,4-[2Hi]- 
regioisomer is absent. This is consistant with a preference for deuteration at C-2 and C-4, over 
C-3 and agrees with the degree o f incorporation for each site observed for the tri-deuterated 
mannopyranoside 73b.
Ultrasonicated 
Raney Nickel, h q ~ 
p 2 ° __________ ^  HO
HO0.5 h, reflux 
OMe 54a
D
Ac2 0 ,  pyr., 
CH2CI2
OMe 7 3 a  (2 ,3 ,4 -% )-  
methyl-a-D-manno- 
pyranoside
H
A cO '
OMe 73 b
AcO AcO AcO AcOA cO ' A cO 'AcO' A cO '
AcOAcO AcO AcOAcO
AcO AcO AcO,AcO AcO
A cO ' A  AcO
H OMe
7 4b , 4-D1
H
75b , 2,4-D2
OMe H OMe
76b , 2-D-)
D OMe
7 7b , 2,3-D2
H
78
OMe
The indicative proton is shown in bold. The italicised deuteriums in the the hexopyranosides 7 4 b , 7 8 b  cannot be hydrogens, 
because they would then be the non-deuterated tetra-acetate 5 4 b , which is known to be absent because there is no doublet 
of doublets signal for H-3 present. Similarly D-2 in hexopyranoside 7 7 b  cannot be hydrogen, because otherwise a doublet 
signal for H-2 would be present in the spectrum, albeit this might be easily hidden.
Table 12. 'H-'H Coupling constant patterns o f mannopyranosides 54a, 73a, 54b, 73b.
Compound / Position 1 2 3 4 5 6 a 6b
Mannopyranoside 54aad, 1.6 dd, 3.2, 1.6 dd, 9.3, 3.3 t, 9.0 ddd, 9.3, 6.0, 2.4dd, 11.8 , 2.3dd, 11.7, 5.9
C2H3)73aa s d, 3.6 ND ND  m dd, 12.2 , 2 .2 dd, 12.1, 6.0
Tetra-acetate 54bb d, 1.5dd, 3.1, 1.6dd, 10.0,3.2 t, 9.8 ddd, 9.2,5.4,2.5 dd, 12.2, 5.3dd, 12.2, 2.4
(2H3) Tetra-acetate s dd, 3.5, 1.4 s; d, 10.1; m 
73 bb d 9.9 19.7
dd, 12.2, 5.3dd, 12.2, 2.3
% Deuterium, 73ab 0 -72  -67  -72  0 0 0
ND, not determined; aD20 ; bCDCl3
The 13C-NMR shift data (Table 13) represents a composite o f major signals o f the 
undeuterated centres in partially deuterated compounds 73a -  77a, 73b -  77b. Small chemical 
shift differences are present, but they do not provide any obvious interpretation.
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Table 13. L’C chemical shifts o f  m annopyranosides 54a. 54b and deuterated derivatives 
73a -  77a, 73b -  77b.
Compound/Carbon 1 2 3 4 5 6 OCH 3
M annopyranoside 54aa 100.7 69.7 70.4 66 .6 72.4 60.8 54.5
Deuterated3 100.1 70.2 70.7 66.9 71.8 61.2 54.9
C54a - deuterated 0.6 -0.5 -0.3 -0.3 0.6 -0.4 -0.4
Tetra-acetate 54 b1’ 98.6 69.5 69.1 66 .2 68.4 62.5 55.3
Deuteratedb 97.5 67.2 67.1 65.1 66.5 60.8 54.3
f  54b - deuterated 1.1 2.3 2 1.1 1.9 1.7 1.0
3 D20 ;  b CDC13;
2H -N M R spectroscopy analysis
The H-NM R spectrum  o f  deuterated  m ethyl-a-D -m annopyranoside 73a was run in H2O 
containing a small am ount o f  D2O to act as a shift standard and com pared with the 'H -N M R  
spectrum  o f  the non-deuterated analogue 54a in D2O.
D;0
OCH,
H-4,5H-l
H-2,6 a
H-3,
4.5 4.0 3.5
2H-NMR o f  (2,3,4-2H3)- m ethyl-a-D - 
mannopyranoside 73a in H20
H-NM R o f m ethyl-a-D -m annopyranoside 
54a in D20
In the : H -N M R spectrum  o f  m annopyranoside 73a, the signals w ere very broad and 
deuterium -deuterium  couplings w ere not observed due to non-specific deuteration and the 
narrow  chem ical shift range. Tw o broad signals at 4.05 and 3.86 ppm w ere ju s t discernable. 
The chem ical shift d ifference betw een these tw o signals was sam e as the differences 
m easured betw een H-2 and H-4 in the 'H -N M R  spectrum  o f  the non-deuterated  
m annopyranoside 54a, which confirm ed overlap o f  all protons except H -l, O -C H 3 in that area
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in a similar way to mannopyranoside 54a. Overall, the 2H-NMR spectrum just confirmed the 
absence o f selective deuteration in the ring and no deuteration in the methoxy group.
When the galactopyranoside 50a was subjected to the half hour procedure, it was apparent 
from the 1 H-NMR spectrum that H-4 had disappeared rapidly, however analysis o f 
incorporation at the other sites was complicated by overlapping signals (Table 14). Integration 
o f residual peaks in the 1 H-NMR spectrum o f the tetra-O-acetyl-galactopyranosides 79b -  
81b, indicated circa 90% deuteration at C-2, 70 % at C-3, 80 % at C-4 and approximately 40 
% at each proton at C-6 . The degree o f deuteration at each proton on C-6 (H-6R, H-65) could 
not be determined due to signal overlap. As anticipated, the residual signal for H-3 appeared 
as a singlet due to the high rate o f  deuteration at C-2 and C-4 (80b). About 20 % o f the 
material was undeuterated at C-2; H-2 appeared as a broad doublet o f 10.5 Hz indicating that 
C-3 was also undeuterated (81b). H-l appeared as two adjacent singlets, one o f which was 
broadened. The sharper singlet is due to the predominant isotopomer with deuterium at C-2 
and the broader one is due to an isotopomer bearing a hydrogen at C-2.
Ultrasonicated 
Raney Nickel, 
D20
0.5 h, reflux
OMe 5 0 a , Galacto
Table 14. ‘H-'H Coupling patterns of galactopyranosides 50a, 79a - 81a, 50b, 79b -  81b.
Compound / Position 1 2 3 4 5 6a 6b
Galactopyranoside 50a d, 3.7 dd, 9.3, 2.9 d, 2.6 broads t, 6.3 d, 5.4 d, 11.8
(2H!.5) 79a-81a s d, 9.4 ND s ND dd, 5.2, 2.2 ND
Tetra-acetate 50 b d, 3 .6dd, 10.8, 3.6 dd, 11.0, 3.4 dd, 3.2, 0.7 dd, 6 .8, 6.0 m, overlap m, overlap
(2Hi.5) tetra-acetates s; dd, 6 .6 ,3 .6  s; d, 8.7 d, 5.3 m M
79b-81b b rs  d, 10.5
% Deuterium, 79b - 0 -90  -70  -80 0 -40 -40
81b
ND, not determined
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The deuteration sites were confirmed in a 13C-NMR spectrum (Table 15) that showed 
disappearance o f the C-2 and C-4 signals and the relatively lower intensity o f other carbons 
compared to C-l and C-5.
Table 15.13C-NMR Chemical shifts of galactopyranosides 50a, 79a - 81a, 50b, 79b-81b.
Compound / Carbon position 1 2 3 4 5 6 OCH3
Galactopyranoside 50aa 99.2 68.0 69.3 69.1 70.6 61.1 54.8
(2H,.5) 79a - 81aa 99.2 NO 69.2 NO 70.5 61.1 54.8
35oa - deuterated 0.0 0.1 0.1 0.0 0.0
Tetra-acetate 50bb 97.5 68.4 68.5 67.9 66.5 62.2 55.9
(2Hi.5) tetra-acetate 79b -  81 bb 96.1 65.9 66.3 65.0 64.9 60.7 54.5
3Sob - deuterated 1.4 2.5 2.2 2.9 1.6 1.5 1.4
NO, not observed; aD20 ; bCDCl3
2.6. Analysis o f the mass spectra o f deuterated hexopyranosides
Mass spectrometry data is complementary to NM R data; it gives the total deuterium 
incorporation without the hazard o f unfortuitous overlapping signals, but not site specific 
information. The 2,3,4,6-tetra-O-acetyl-methyl-a-D-hexopyranosides 24b, 54b and 50b gave 
mass spectra in which the most abundant high mass ion was m/z 331 (M -  CH3O) that is 
probably due to MH - CH3OH. The glucoside 24b also showed, an overlapping ion cluster 
due to loss o f an additional hydrogen and this more complicated case is dealt with later. A 
second fragmentation also occurred due to the elimination o f an acetoxy group and methanol 
(Table 16). Only the mannopyranoside 54b gave a molecular ion.
Table 16. Mass spectrometry (APCI) abundances of major fragment ions of the 2,3,4,6-tetra-(9-
acetyl-methyl-q-D-hexopyranosides 24b, 54b and 50b._________________________________
_________________________________________ % Abundance of ions relative to the base peak
Fragmentation mode__________ m/z_________ Gluco 24b Manno 54b Galacto 50b
M -O C H 3 __________ 331____________ 80^________  100 100
M - C H 3 O H  ................  330 3 l '     7 "  7 ......
M -  O A c  " 777________ 303____________ 24   16..................
M -  OAc -  CH3OH " 271___________ 14.....................   8.......
Table 17. Mass spectrometry data for the MH -  CH3OH ion cluster of deuterated 2,3,4,6-tetra-O-
acetyl-methyl-q-D-hexopyranosides 71b - 81b.__________________________________________
Hexopyranoside Major fragment ions, m/z and their relative abundance % (in
 _____________ parentheses)___________________________________________________
~Gluco 71b _ 335 © ,  334 (60), 333 © 5), 332 (25) __ _  _ 7  7 _______ ”______
Manno 73b- 77b   "33103)7334 (4 0 ,333  (38), 332 (15) 7 1 ___
Galacto 79b - 81b ~ 338 (1.2), 337 (8), 336 (36), 335 (63), 334~(53), 333 (21)~ 332 (4)
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The precise interpretation o f this data posed a number different o f challenges. To discuss 
these issues with the greatest clarity, the analysis is beneficially discussed in the reverse order 
to that above (i.e galacto, manno, gluco). The mass spectra for the deuterated glycosides 71b - 
81b can be analysed approximately by assuming that each o f the peaks in the [MH - CH3OH] 
ion cluster represents a different deuterated isotopomer (e.g. Table 18, lines 3 & 4). However 
the presence o f 13C-isotopomers makes this, the simple analysis inaccurate. The MH - CH3OH 
ion has the elemental formula C 14H 19O9; the 13C- content at natural abundance gives an X + 1 
ion o f 15.7 % intensity and the lsO content gives an X + 2 o f 1.8 %, both relative to the 
12C 160  isotopomer. The natural deuterium content can be neglected because H i9 only 
contributes 0.3 % to the X + 1 ion. Hence the calculated abundances for the C 14H 19O9 ion 
cluster are predominantly determined by the 13C-content (Table 18, line 1). The mass 
spectrum o f the non-deuterated galactopyranoside 50b, showed slightly lower intensities for 
X + 1 and X + 2 (line 2) than expected, which was probably because the spectrum was 
comparatively weak.
Table 18. Analysis of the MH - CH3OH ion cluster (C1 4H1 9O9 ) of tetra-O-acetyl-methyl-a-D- 
galactopyranosides 50b, 79b -  81b.___________________________________________________________
Line Description \ m/z 331 332 333 334 335 336 337 33
8
339
1. Theoretical abundances for Ci4 H1 90 9 1 0 0 16.3 3.1 0.4
2. 50b, observed abundances 1 0 0 1 0 0.5
Deuterated galactopyranosides 79b -  81b
3. Observed abundances 4 2 1 53 63 36 8 1 . 2 0
4. Abundances normalized to 100 max. 6.3 33.3 84.1 1 0 0 57.1 12.7 1.9 0
5. Calculated abundances, 0.1% increm. 6.3 33.3 84.1 1 0 0 57.1 9.6 1 . 6 0.16
6 . Calculated errors > 0.1%, total, 3.6% 0 0 0 0 0 3.1 0.3 0.16
Isotopomer ratios
Deuterated isotopomers Do D, d 2 d 3 d 4 d 5
7. Ratio relative to 100 0 7.3 37.5 91.3 1 0 0 47.0
8 . Ratio summed to 100 0 2 . 6 13.2 32.3 35.3 16.6
The C 14H 19O9 ion cluster for the deuterated galactopyranosides 79b -  81b consists o f seven 
peaks (lines 3 & 4), which are in principle composed o f one undeuterated and five deuterated 
isotopomers (positions 2, 3, 4, 62), each o f which consists o f four 13C- and lsO-isotopomers 
(Table 18, line 1). The abundances o f the ions in the ion cluster due to 13C, 2H and lsO can be 
calculated using the analytical window in ChemDraw or by using a number o f standard 
computer programs; in this case they were calculated using HiMass73. Determination o f the 
ratio o f deuterium isotopomers is much more difficult. The basic methodology is shown in 
Table 19. The observed abundance o f each peak consists o f the sum o f the abundances o f each 
C,0-isotopomer cluster multiplied by the abundance o f the each D-isotopomer.
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Table 19. Methodology for the prediction of multiple isotopomers, illustrated by the theoretical abundances of 
Ci4 H1 9 0 9  with abundances ao-as of the deuterated isotopomers, where ap = abundance of the D0  isotopomer etc.
331 332 333 334 335 336 337 338 339
ao 100ao 16.3ao 3.1ao 0.4ao
ai 100ai 16.3ai 3.1ai 0.4ai
a2  100a2  16.3a2 3.1a2 0.4a2
3 3  100a3 16.3a3 3.1a3 0.4a3
a4  1 0 0 a4 16.334 3.134 0.4a4
a5 1 0 0 a5 16.3a5 3. las 0.4a5
Sum each column, compare with data below, record error.
Increment abundances, sum each column, determine error, save abundances if error is lower than recorded
previously.
Repeat until incremented permutations of ao-a5 are completed.
79b-81b abundances 6.3 33.3 84.1 100 57.1 12.7 0 0
The ratio o f isotopomers with different deuterium contents was determined by a permutation 
calculation which was implemented in a Visual BASIC program with For Next loops. The 
problem with this form o f analysis is the permutation increment. If this is 1 % then each value 
o f the abundance (an) can take 100 values and as there are six variables the number o f 
permutations is 1006 = 1 x 1012. Typically, each calculation takes circa 10'5 second and hence 
the total time for a calculation is 107 seconds, which is almost 116 days! In practice it is better 
to take a larger increment, such as 5 % that requires 10.7 minutes to determine rough values, 
and then to reduce the increment and the increment range.
Using this methodology, the abundances o f the MH -  CH3OH cluster for the deuterated 
galactopyranoside 50b were calculated to a final increment o f 0.1 % (Table 18, line 5) with 
satisfactory errors (lines 7 & 8). The predominant deuterated isotopomers are D3 and D4, 
which correspond predominantly to the 2,4,6- and 2,3,4,6-deuterated-galactopyranosides 
isotopomers 80b, 79b. This accurately matches the *H-NMR data, which showed 90, 70 and 
80% incorporation at C-2, C-3 and C-4 and circa 40 % replacement o f each C-6 hydrogen, or 
equivalent to 90:70:80:80, which would give D4 as the predominant ion.
Identical methodology was used to determine the ratios o f the isotopomers o f the deuterated 
mannopyranosides 54b (Table 20, lines 7 & 8). In this case the predominant isotopomers were 
D2 and D3, which is consistent with the 1 H-NMR data which showed 72, 67, and 72 % 
incorporation at C-2, C-3 and C-4 respectively. Hence the assignments are Di 74b, 76b; D2 
75b, 77b; D3 73b and the minute amounts o f D4 and D5 were not detected by 'H-NMR.
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Table 20. Analysis o f the MH - CH3OH ion clusters (C1 4 H1 9O9 ) of 2,3,4,6-tetra-Oacetyl-methyl-a-D-
mannopyranosides 54b, 73b -  77b._______________________________________________________________
Line Description \ m/z______________________ 331 332 333 334 335 336 337 338 339
1 . Theoretical abundances for CuH^Og 1 0 0 16.3 3.1 0.4
2 . 54b, measured abundances 1 0 0 1 2 3
Deuterated mannopyranoside 73b -  77b
3. Observed abundances 15 38 41 13 3 0 . 6
4. Abundances normalized to 100 max. 36.6 92.7 1 0 0 31.7 7.3 1.5 0 0
5. Calculated abundances, 0.1% increment 36.6 92.7 1 0 0 31.7 7.3 1 . 1 0 . 1 2 0.08
6 . Calculated errors > 0.1%, total, 0.6% 0 0 0 0 0 0.38 0 . 1 2 0
Isotopomer ratios
Deuterated isotopomers Do D, d 2 d 3 d 4 d 5
7. Ratio relative to 100 0 42 1 0 0 98 17 3
8 . Ratio summed to 100 0 16.3 38.5 37.7 6.7 0 . 8
It is noteworthy for both the galactopyranosides 50b and the mannopyranoside 54b, the 
predominant losses were MH - CH3OH rather than MH - CH3OD. This is clearly consistant 
with protonation and elimination at the anomeric centre which does not become deuterated 
during the course o f  Raney nickel deuteration.
Table 21. Analysis o f the MH - CH3OH and MH - CH3OH -  H ion clusters (Ci4 Hl9 0 9) of 2,3,4,6-tetra-O- 
acetyl-methyl-a-D-glucopyranosides 24b, 71b.._____________________________________________________
Line Description \ m/z 330 331 332 333 334 335 336 337 338
1 . Theoretical abundances for CuHigOg 1 0 0 16.3 3.1 0.4
Glucopyranoside 24b
2 . Observed abundances 31 80 9 1
3. Abundances normalized to 100 max. 38.8 1 0 0 11.3 1.25
4. Calculated abundances, 1 % increm. 38.8 1 0 0 16.5 2.9
5. Calculated errors >0.1%, total, 6 .8 % 0 0 5.2 1.7
Fragmentation ratios, M - X CH3 OH CH3 O
6 . Ratio relative to 100 41 1 0 0
7. Ratio summed to 100 29 71
Deuterated glucopyranoside 71b
8 . Measured abundances 25 35 60 7 5
9. Abundances relative to 100 max. 41.7 58.3 1 0 0 11.7 8.3 0 0
1 0 . Calculated abundances, 5 % increment 8 . 1 58.8 1 0 0 14.0 8 . 2 0 . 8 0.09
1 1 . Calculated errors >0.1%, total, 37% 33.6 0.5 0 2.3 0 0 . 8 0
Isotopomer ratios
Deuterated isotopomers D0 D, d 2 d 3 d 4
1 2 . Ratio relative to 100 0 2 1 1 0 0 0 0.05
13. Ratio summed to 100 0 17 78 5
Analysis o f the mass spectra o f the glucopyranoside 24b, 71b is complicated by competing 
MH -  CH3OH and CH3OH -  H losses. Fortunately the methodology used for analysis o f 
isotopomers can be used in exactly the same way to determine the ratio o f  the fragmentation 
pathway products. Thus the C ,0-isotopom er cluster (Table 21, line 1) was permutated as two 
sets o f ions74 and the results compared with the observed abundances (lines 2 & 3). The fit 
was satisfactory, except for some minor differences in the lower abundance ions and the ratio
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was 41:100 (lines 6 & 7) for the two fragmentation patterns and very close to the value 
deduced from the ratio o f m/z 330:331 (38.8:100, line 3).
Calculation o f the abundances o f the ions for the deuterated glucopyranosides 71b gave 
satisfactory fits for all the ions, except m/z 332, which was grossly inaccurate (Table 21, lines 
10 and 11). Repeated attempts with a smaller increment for the first abundance did not 
improve the fit. The most likely explanation is that the deuterated compound undergoes losses 
o f deuterium as well as hydrogen and this would have the largest effect on the lowest mass 
ion as observed. Although, all but one o f the peaks showed satisfactory fits, no meaningful 
interpretation can be made unless all the peaks are accurately predicted.
2.7. Deuteration of glucopyranoside 24a with smaller amounts of catalyst
Deuteration o f 200 mg o f the three hexopyranosides 24a, 54a, 50a with 12 g o f ultrasonicated 
Raney nickel gave good incorporation, albeit with poor selectivity, but to obtain high yields o f 
the product the catalyst had to be washed with large amounts o f deuterium oxide. Therefore 
we investigated the deuteration o f glucopyranoside 24a using smaller amounts o f 
ultrasonicated Raney nickel, to improve economy and in the hope that the reaction might be 
more selective.
The reaction was run with the glucopyranoside 24a (200 mg) employing different amounts o f 
catalyst (12 g, 1 g, 0.5 g, 0.1 g) and the reaction mixture was refluxed in D2O, for 0.5 h or for 
longer in some cases when less Raney nickel was used. The standard reaction reported 
previously is shown in Table 22, entry 1 for comparison. When 1 gram o f ultrasonicated 
Raney nickel was used, under conditions that were identical to those reported previously, the 
degree o f deuterium incorporation was reduced and the C-2, C-4 vs C-3 selectivity was 
marginally lower (entry 2). Reduction o f the amount o f catalyst to 0.5 gram, resulted in lower 
conversion but apparently higher selectivity after half an hour (entry 3). However after two 
and a half hours, the selectivity was poorer and deuteration was still incomplete (entry 4). The 
reaction utilising 0.1 gram o f catalyst was found to be too slow, providing circa 28% 
deuteration at C-2 and C-4 when the reaction was prolonged for 3.5 hr (entry 5).
In conclusion, using 0.5 gram o f ultrasonicated Raney nickel gave quite good selectivity for 
deuteration at C-2 and C-4 o f glucopyranosides 24a, but the reaction was too slow with 0.1
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gram o f Raney nickel. In all cases, no deuterium incorporation was observed at C -l, C-5, or 
C-6 .
Table 22. % Deuterium incorporation into glucopyranoside 24a (200 mg) by D20  catalysed 
by different quantities o f ultrasonicated Raney nickel.
Entry
Catalyst,
g
Weight
ratio
Reflux time, 
hours
Hydrogen position 
2 3 4
1. 12 60 0.5 100 30 100
2 . 1.0 5 0.5 66 25 50
3. 0.5 2.5 0.5 29 0 21
4. 0.5 2.5 2.5 67 40 50
5. 0.1 0.5 3.5 28 0 28
aWeight catalyst/weight glucopyranoside 24a
2.8. Preparation of 2-[2Hi]-methyl-a-D-glucopyranoside
2-[ Hi]-methyl-a-D-glucopyranoside 82 (cf. 46) has been prepared by regioselective 
oxidation o f 4,6-O-benzylidene-methyl-a-D-glucopyranoside 36, reduction with sodium 
borodeuteride and cleavage o f the benzylidene group28 (Section 1.2.1.). We imagined that 
Raney nickel deuteration would enable this compound to be prepared in two rather than three 
synthetic steps. The deuteration o f glucopyranoside 24a by deuterium oxide catalysed by 
ultrasonicated Raney nickel gave quite good selectivity for deuteration at C-2 and C-4. By 
blocking C-4 with a benzylidene group (38), it appeared that, it might be possible to achieve 
high selectivity for deuteration at C-2. Benzylidene groups are cleaved by hydrogenation, but 
we assumed that as no added hydrogen is used in the deuterium exchange reaction, this should 
only be a minor side reaction. In the best possible case, exchange would occur at C-2 and 
subsequent benzylidene cleavage would exhaust the “active” hydrogen on the Raney nickel to 
give 2-[2Hi]-a-methyl-D-glucopyranoside 82 in one pot!
Ultrasonicated 
Raney Nickel, 
D20
| 0.5 h, reflux
OMe 3 6
Scheme . Proposed synthesis o f 2-[2Hi]-methyl-a-D-glucopyranoside 82
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2.8.1. The p repara tion  of 4,6-0-benzylidene-m ethyl-a-D -glucopyranoside 36
Stirring a mixture o f  glucopyranoside 24a, zinc chloride and benzaldehyde for 3 h. at room 
tem perature and crystallization from hot w ater gave 4,6-O-benzylidene-m ethyl-a-D-gluco- 
pyranoside 36 as white crystals in 51 % yield. It is essential to use good quality, dry, finely 
powdered zinc chloride and to use an efficient stirrer with the gelatinous reaction mixture. 
The product was identified by ]H, 1 ’C-NM R spectroscopy, mass spectra (APCI-M S, MH m/z 
283) and the melting point was 165 -  166 °C ( l i t . 163 -  164 °C).
ho— \
HO |
OMe 24a
.CHO
83 ZnCI,
OMe 36
The primary hydroxyl group at C-6 o f  the glucopyranosides 24a is less hindered than other 
hydroxyl groups in the m olecule and therefore attacks the benzaldehyde metal com plex 84 -  
86 more easily than the other hydroxyl groups. A hem iacetal alkoxide 87 is form ed which 
cleaves to give a benzylic oxonium  ion 88, which is attacked by the 4-hydroxyl group to give 
the benzylidene acetal 36. Benzylidene groups prefer to be part o f  six-membered ring acetals, 
rather than five-m em bered rings. The most stable and least sterically hindered arrangem ent is 
with the phenyl substituent in an equatorial position76,77.
H Cl —  Zn-^CI
83
. ZnCI
HO |
OMe 8 8
84
OZnCI
.ZnCI ZnCI
OMe 87
86 J
HO-----
HO I
OMe 24 a
36
Scheme . Mechanism for the formation of of 4,6-O-benzylidene-methyl-a-D-glucopyranoside 36.
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2.8.2. The deuteration  of 4,6-0-benzylidene-m ethyl-a-D -glucopyranoside 36
4,6-0-benzylidene-methyl-a-D-glucopyranoside 36 was deuterated according to the general 
procedure (12 g Raney nickel) and refluxed for 0.5 h. under nitrogen. TLC (CHCI3 : MeOH, 
80:20) indicated disappearance o f starting materials and formation o f methyl glucopyranoside 
89 plus a trace o f  a less polar product. The work-up was designed to separately extract organic 
soluble components such as remaining starting material and the water soluble hexopyranoside 
89. Evaporation o f the organic soluble phase provided a trace o f a sugar (10 mg) that could 
not be identified, and methyl glucopyranoside 89 was collected in 76 % yield from the 
aqueous phase. Integration o f the residual protons in a ’H-NMR spectrum in D2O showed 
circa 75% deuterium incorporation on C-2, C-3, but not at any other centre. This is an 
unexpectedly higher incorporation at C-3 relative to C-2 than was previously observed with 
the glucopyranoside 24a, and suggested that deuteration occurred which was then followed by 
hydrogenation o f the benzylidene group.
The reaction was run again, with less Raney nickel (0.5 g) and refluxed for 20 minutes which 
resulted in cleavage o f the benzylidene group and roughly 30 % deuterium incorporation at 
C-2. Clearly the blocking strategy was partially successful, but a protecting group which is 
more robust to hydrogenation was required.
2.8.3. Preparation of 4,6-0-isopropylidene-methyl-a-D-glucopyranoside 90a
Because the benzylidene acetal was cleaved by hydrogenation an isopropylidene ketal was 
selected as a protecting group because is not cleaved by hydrogenolysis. 4 ,6-0- 
isopropylidene-methyl-a-D-glucopyranoside 90a was prepared in low yield (16 %) by 
treatment o f glucopyranoside 24a with zinc chloride as catalyst in acetone under reflux for 2 
d. However when glucopyranoside 24a was dissolved in DMF in the presence o f 2,2- 
dimethoxypropane and Amberlyst 1579 and stirred at room temperature for 5 days the desired 
compound 90a was obtained in 64 % after purification by column chromatography using a 
solvent gradient o f chloroform to ethanol.
Ultrasonicated 
Raney Nickel, 
D ,0
0.5 h, reflux
OMe 36 D OMe 89
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OMe 2 4 a
CH30 OCH3
Amberlyst 15
OMe 90a
The product 90a was identified by 'H -N M R  spectroscopic analysis that showed the presence 
o f  two up-field singlet resonances at 1.60, 1.54 ppm corresponding to the methyl protons and
29.1, 19.1 ppm in the ,JC -N M R spectrum 80.
2.8.4. Raney nickel catalysed deuteration of 4,6-0-isopropylidene-methyl-a-D-gluco 
pyranoside 90a by deuterium oxide
Isopropylidene ketal 90a was deuterated using the standard ha lf hour procedure. The 'H -N M R  
spectrum o f  the product showed no cleavage o f  the isopropylidene groups during exchange. 
To gain the benefit o f  better dispersion o f  the 'H -N M R , the acetates o f  the starting material 
90a and its deuterated form 91a w ere converted to the peracetates 90b, 91b using acetic 
anhydride in pyridine by the m ethod previously described (Section 2.5).
Ultrasonicated 
Raney Nickel, 
D20
0.5 h, refluxHO HO
HO HO
OMe 9 0a OMe 91a
Pyridine
Pyridine
AcO AcO
OAc IOAcI
OMe 9 0 b OMe 9 1 b
The most significant proton signals in the ’H-NM R spectrum o f  diacetate 90b, 91b w ere H -l, 
H-2, and H-3. The 1 H-N M R spectrum  o f  the diacetate 90b showed the presence o f  a down- 
field triplet proton resonance at 6.07 ppm with a coupling constant o f  9.9 Hz corresponding to 
the 3-H and a doublet o f  doublets resonance o f  9.9 and 3.8 Hz at 5.25 ppm from 2-H , plus a 
doublet signal o f  3.7 Hz at 4.97 ppm corresponding to 1-H. W hereas the 'H -N M R  spectrum  
o f  the partially deuterated diacetate 91b showed a triplet proton resonance o f  9.7 Hz at 5.92 
ppm which w as overlapped with a doublet o f  9.5 Hz for 3-H, indicating partial deuteration at
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C-2. This was confirm ed by integration o f  the residual signal for H-2 w hich indicated 
approxim ately 55 %  deuteration, but no deuterium  was incorporated at any other carbon.
However the deuteration on C-2 was successfully com pleted w hen the reaction w as repeated 
again using 0.9 g o f  catalyst and the reaction m ixture was refluxed for a longer period o f  tim e 
(1.5 hr.) to give com pound 91a in 55 % yield. 'H -N M R  spectrum  o f  that com pound was 
com paratively easy to interpret and there was no need to acetylate. The disappearance o f  2-H 
proton resonance gave a singlet proton resonance at 4.69 ppm  corresponding to  1-H and a 
doublet o f  9.5 Hz from 3-H at 3.68 ppm. 13C-N M R spectrum  showed the absence o f  the 2-C 
resonance and high resolution m ass spectrom etry (ES+) provided the (M + N H 4 ) ion at m/z 
253.1505.
2H-NM R spectroscopy of 2-[2H i]-4,6-0-isopropylidene-m ethyl-a-D-glucopyranoside 91a
H-2
,V.
— !------------------- , ! 1-------
3.5 3.0 2.5 2.0 1.5
D-2
'H-NMR of 4,6-O-isopropylidene-methyl- 
a-D-glucopyranoside 90a in CDCl3
“H-NMR of 2-[ Hi]-4,6-CMsopropylidene- 
methyl-a-D-glucopyranoside 91a in C H C f
The 2H-NM R spectrum o f  deuterated isopropylidene glucopyranoside 91a was run in CHCI3 
and compared with 'H -N M R  spectrum  o f  the non-deuterated analogue 90a in CDCI3 In the 
H-NMR spectrum o f  90a in CDCI3 , H-2 appeared at 3.60 ppm as a doublet o f  doub lets  (J  9.0, 
3.9 Hz), whereas a broad singlet was observed at 3.62 ppm  in the 2H-N M R spectrum  o f  
deuterated 91a. As ’H-2H couplings are 15 % o f  'H -'H -coup lings, in principle the expected
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pattern could be a doublet o f  doublets o f  1.4, 0.6 Hz. H owever with the normal broadening 
due to deuterium, the broad singlet observed is more likely.
2.8.5. Cleavage of the isopropylidene protecting group
In order to prepare 2-[2H i]-m ethyl-a-D -glucopyranoside 82 from isopropylidene ketal 91a, 
the isopropylidene group had to be removed. Initally undeuterated isopropylidene ketal 90a 
was tested as a model substrate; treatm ent with A m berlyst 15 (a cation exchange resin) in 
water for 2 hr. in room tem perature hydrolysed the protecting group81. The progress o f  
reaction was m onitored by TLC (CHCI3, C H 3OH, 60:40) which revealed the absence o f 
starting material and the presence o f  glucopyranoside 24a at Rf 0.4. The yield was virtually
1 1Tquantitative (96 %) and the glucopyranoside 24a produced was identical by H, C NM R 
spectroscopy with com m ercial m aterial.
Amberlyst 15, H20 HO
HO2  hr, r.t.
HOHO
HO9 0 a  R = HHO
OMe 9 1 a  R = D
2 4a  R = H, 96 % yield 
OMe 82 R = D, 91 % yield
In view o f  the results provided from the prelim inary study, the hydrolysis o f  deuterated 
com ponent 91a was carried out using the same procedure to form the expected com pound 82 
in 91 % yield. ’H -N M R spectroscopy showed the absence o f  H-2 at 3.50 ppm and presence o f  
a singlet peak at 4.73 ppm belonging to H- l .  This was confirmed in a 13C-NM R spectrum by 
‘‘disappearance” o f  the 2-C resonance. High resolution mass spectroscopy (ES+) provided the 
parent (M + N H /)  ion at 213.1191.
2.9. Deuteration of Cyclodextrins
2.9.1. p-Cyclodextrin
OR
HO
HO
92, 94 , 96
Raney nickel, D20  
(see text)
92 , 93  R = H, n = 6  
9 4 , 95  R = H, n = 7
96 , 9 7  R = fBuM e2 Si, n = 7
SD OR
R  D
HO
HO
93, 95 , 97
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It has been reported that Raney nickel catalysed deuteration o f a-cyclodextrin 92 by 
deuterium oxide at reflux for 24 hours results in facile exchange o f H-2, and 2H-6, but only 
30 % replacement o f H-3 (93)31. Similarly when p-cyclodextrin 94 was subjected to Raney 
nickel and deuterium oxide at reflux for 12 hours, complete exchange o f H-2 occurred and 
there was 30%, 96% and 84% deuteration o f H-3, H-6R and H-6S respectively (95). The 
degree o f deuteration at C-6 was determined by using the NMR shift reagent, ASANA 
(sodium anthraquinone 2-sulfonate) to resolved the signals53. The slower rate o f deuteration at 
C-3 mirrors the results with glucopyranoside 24a and the selectivity is probably further 
enhanced by the orientation o f H-3 into the hindered cavity o f the cyclodextrin.
In view o f the encouraging results from the initial studies o f the deuteration o f the 
hexopyranosides 24a, 36a, 50a, 54a, 90a by ultrasonicated Raney nickel in deuterium oxide 
the complete deuteration o f p-cyclodextrin 94 looked promising. Therefore deuterium 
labeling was carried out by a similar procedure to that used previously. Raney nickel (8 g, 
wet) was sonicated for 2 hours prior to exchange o f  p-cyclodextrin 94 (200 mg) with 
deuterium oxide (5 mis) at reflux for 1.45 hours The product 95 was identified by !H-NMR 
spectroscopy, showing the absence o f a proton on C-2 at 3.56 ppm and presence o f  a singlet 
peak at 4.98 ppm belonging to H -l. The proton at C-3 changed from a triplet to a doublet o f 
9.0 Hz at 3.88 ppm due to deuteration at C-2. Approximately 30% deuteration was detected at 
C-3 and as expected H-4 appeared as a doublet o f  9.8 Hz from coupling with proton on C-5 
due to deuteration at C-3 and also a triplet o f 9.5 Hz from coupling with H-3 and H-5. It was 
impossible to determine the exact rate o f deuteration o f  each proton on C-6 because o f  signal 
overlapping o f H-5, H-6 and H-6 '. In order to examine the viability o f  the developed 
deuteration procedure to the cyclodextrin derivatives, silylated p-cyclodextrin 96 was 
prepared by treatment o f P-cyclodextrin 94 with terZ-butyldimethylsilyl chloride in dry 
pyridine (Section 4.1.3.1.). A solution o f silylated p-cyclodextrin 96 in deuterium oxide was 
refluxed with sonicated Raney nickel for 2 h. However a ]H-NMR spectrum showed no 
deuteration had taken place and instead starting material was isolated.
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Chapter 3
Cyclodextrins
Introduction
3. Introduction
3.1. General introduction
Cyclodextrins (CDs) are macrocyclic oligosaccharides consisting of six- (a-cyclodextrin 92), 
seven- (P-cyclodextrin 94), eight- (y-cyclodextrins) or more -glucopyranoside units 
predominantly in the 4Ci conformation linked by a -(l-> 4 ) bonds, surrounding a central 
cavity. They were first discovered in 1891, as water soluble products o f the enzymatic 
degradation o f starch. In 1904, Schardinger was able to isolate these compounds by the action 
o f Bacillus macerans amylase upon starch and named them a-dextrin and p-dextrin. In the 
older literature these compounds are described as Schardinger dextrins. Freudenberg isolated 
y-dextrin in 1935, but at that time the structure o f those products was still uncertain82 and was 
only in 1942 that the structures o f a-dextrin 92 and p-dextrin 94 were determined by X-ray 
crystallography83.
Scheme. A CPK depiction of a molecular model of p-cyclodextrin 94 produced using PC Model 8 and 
Pov-Ray. Carbon atoms are turquoise, oxygens red, and the hydrogen atoms are grey. The view is 
from the “top” face showing the 14 secondary hydroxyl groups.
3.1.1. Structure and physical properties
The X-ray structure o f cyclodextrins, shows that the secondary hydroxyl groups on C-2, C-3, 
are located on the wider edge o f a truncated cone and the primary hydroxyl groups on C-6 on 
the other edge. Apolar hydrogens on C-3, C-5 make a rigid, hydrophobic cavity and hence 
they are able to encapsulate non-polar compounds within their bucket-like structure (host- 
guest binding) and the hydrophilic exterior allows for solubilization in aqueous solution. 
Binding constants have been measured for hundreds o f compounds84, but the highest affinity
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guest is probably lithocholic acid (a tetracyclic steroid) which binds to p-cyclodextrin 94 with 
a binding constant o f 1.17 (± 0.10) x 106 Mol' 1 in 1 % DMSO in water85.
HO
HO HO
HO.OH
HOOH
OH OH
OH
HO
HO
HO
OH
HO
OH
HOHO
OH OH
OH
.OH
9 2  a-C yclodextrin  
Scheme. The structures of a- and P-cyclodextrins.
94  p-Cyclodextrin
The three dimensional form and size o f cyclodextrins is the most important parameter in the 
formation o f inclusion complexes with hydrophobic compounds (Table 23).
Table 23. Properties of cyclodextrins86,87
Cyclodextrin a 92 3 94 y 113
Number of glucose units 6 7 8
Inner diameter a, A 4.5 7.0 9.5
Outer diameter, b, A 13.7 15.3 16.9
Height c. A 7.9 7.9 7.9
Cavity volume, A-' 174 262 427
Molecular weight, g/Mol 972 1135 1297
Solubility in H20 , g/L 14.5 1.85 23.2
13.7 A
'Top"
"Bottom"
3.1.2. Applications o f Cyclodextrins
As mentioned earlier, cyclodextrins are capable o f accommodating organic substances within 
their cavity. Due to this property, cyclodextrins can be used to hold sensitive and active 
compounds such as flavours and fragrances and protect against heat, light or air, hence 
resulting in stabilization when subjected to long term storage. As cyclodextrins are soluble in 
water, they can greatly increase the solubility o f water insoluble substances by encapsulation. 
The taste o f foods or drugs can also be improved by masking off-flavours and unpleasant 
odours through cyclodextrins-complex formation. In the analytical chemistry field,
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cyclodextrins are also used for the separation o f enantiomers by high performance liquid 
chromatography (HPLC) or gas chromatography (GC). The stationary phases o f these 
columns contain methylated cyclodextrins or other derivatives. Cyclodextrins are the subject 
o f enormous efforts to develop them for commercial and scientific applications and huge 
numbers o f papers and books are produced each year, but three publications are particularly 
notable. In 1996 volume 3 o f Comprehensive Supram olecular Chemistry was devoted to 
cyclodextrins88, in mid 1998, C hem ical Reviews devoted an entire issue to cyclodextrins89 and 
recently an online book describing cyclodextrins and their complexes has been epublished90.
3.2. Stereochemically altered cyclodextrins
The chemistry o f cyclodextrins has been extensively investigated. The binding properties o f 
countless guests have been investigated and the structures have been modified by 
derivatisation or replacement o f the hydroxyl groups in order to increase the compatibility 
between cyclodextrins as hosts, and non polar compounds as guests, e.g., mono- or 
disubstituted, per-alkylation, per-esterification82, halogenation o f primary hydroxyl 
groups91’92, perbenzylation93. There is only a small group o f compounds in which some 
modifications have been made to change the cyclodextrin stereochemistry, which includes 
per(2,3-anhydro)-cyclomannoepoxides 116, 117, 118 (page 44) and per-3,6-
anhydrocyclodextrins 120, 122 (page 45), heptakis(3-deoxy)-P-cyclomannins 144a, 144b, 
144c (page 50), p-cycloaltrin 137a (page 49) and per-3-amino-3-deoxy-p-cycloaltrin 137b 
(page 49).
3.3. Regioselectivity o f hydroxyl group functionalisation
3.3.1. Monosaccharides
3.3.1.1. Tosylation
In a unprotected monosaccharide such as methyl-a-D-glucopyranoside 24a, there are two 
types o f hydroxyl groups: a primary hydroxyl groups at C-6 and secondary hydroxyl groups at 
C-2, C-3, C-4. The primary hydroxyl group at C-6 is the most reactive one because it is the 
least sterically encumbered and therefore this group can be protected with high 
regioselectivity, and normally excellent yields are obtained. In general, the C-2 hydroxyl 
group in the a-anomer o f D-glucopyranoside is more acidic than C-3 due to the closeness o f
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that group to the anomeric centre, and hence is more nucleophilic and more reactive toward 
electrophiles.
R1 R2 R3 R4
Bz H H Bz
Bz Bz H Bz
H H H Bz
Ts H H Ts
Ms H H Ms
Bis(tributyltin)oxide has been used to modify and enhance the reactivity o f polyols, by the 
formation of stannoxides, which can form complexes with adjacent oxygen substituents (98). 
The selectivity achieved depends on the ratio o f bis(tributyltin)oxide and electrophile to the 
polyol, the conditions o f the reaction with the electrophile and possibly the conditions for 
stannylation.
The following three examples all used the same ratio o f the reagents; bis(tributyltin)oxide (3 
equiv “BusSn”) and subsequent reaction with 3 equivalents o f benzoyl chloride. When 
methyl-a-D-glucopyranoside 24a was treated with both the reagents sequentially at room 
temperature the product consisted o f the 2,6-di-O-benzoate 24c (81.4 % yield) and the 2,3,6- 
tri-O-benzoate 24d (18.4 % yield), whereas when benzoylation was run at -10°C, the 2,6-di- 
0-benzoate 24c was the sole product (95 % yield). But when the stannylation was performed 
at 140°C and the benzoylation was run at -15°C, the 6-O-benzoate 24e was the major product 
(73 % yield) together with a small amount o f  the 2,6-di-O-benzoate 24c (20 % yield).
In addition when the reactivity o f methyl- a-D-glucopyranoside 24a was examined with p- 
toluenesulfonyl chloride or methanesulfonyl chloride, the 2,6-di-O-tosylate 24f (80.6 %) and 
the 2,6-di-O-mesylate 24g (75.4 %) were formed with high selectivity. It has been noted from 
the above experiments that formation o f the five membered coordination ring 98 from methyl- 
a-D-glucopyranoside 24a which bears a m -l,2-hydroxyether is less favorable than the 
formation o f the corresponding coordination ring 100 from the trans- 1,2-hydroxy ether moiety 
o f methyl-a-D-glucopyranoside 99a94.
.OH
HO — 2° \
H O ~ X * * ^ * \ ^  OMe 
HO
99a p-Methyl-D-glucopyranoside
(Bu3Sn)20
(Bu3Sn)20
OMe 24a
OH
HO
HO
BzCI or 
TsCI or 
MsCI
‘Me
OMe
24
c
d
e
f
g
98
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The differentiation o f secondary hydroxyl groups o f carbohydrates is very important in order 
to protect hydroxyl groups with high regioselectivity. In the a-anomer o f methyl-D-gluco- 
pyranoside 24a, the hydroxyl group at C-2 position is more nucleophilic whereas in the case 
o f the p-anomer 99a, the 3-hydroxyl group can be transformed regioselectively over other 
secondary hydroxyl groups95. Methyl-6-0-(ter/-butyldiphenylsilyl)-|3-D-glucopyranoside 
101a was benzoylated with benzoyl chloride, in the presence of triethylamine as base at -60  
°C to give mixtures o f the 2-O-benzoate 101c (12 %), 3-O-benzoate 10Id (19.5 %) and 4 -0 - 
benzoate lOle (10.5%). The dibenzoates lOlf, lOlg were also isolated as minor products (less 
than 5 %), and starting material 101a was recovered at 26 % yield. However higher 
regioselectivity was achieved when the reaction was conducted at 0 °C, the 3-O-benzoate 
lOld was isolated as the major product (62.5 % yield) together with the 2-O-benzoate 101c 
and the 4-O-benzoate 1 Ole as minor products96.
OSi'BuPh;
CH2CI2
The 4,6-O-benzylidene-methyl-a-D-gluco- and manno-pyranosides 36a, 102a have
unprotected hydroxyl groups at C-2 and C-3, which are regioselective monotosylated under 
phase-transfer conditions using tetrabutylammonium hydrogen sulphate, /wra-toluene- 
sulphonyl chloride and dilute sodium hydroxide. In the aqueous phase, the sodium alkoxide o f  
the hexopyranosides 36a, 102a undergo cation exchange to give the tetrabutylammonium 
alkoxide which is then transferred into the organic phase and reacts with para- 
toluenesulphonyl chloride to form the monotosylate 36c, 102c, 102d. This is more soluble in 
the organic phase and hence evades further deprotonation by sodium hydroxide in the aqueous 
phase. In the case o f glucopyranoside 36a, a higher yield o f the 2-O-tosylate 36c (78 %) was 
obtained compared with the 3-O-tosylate (7 %) due to the higher intrinsic reactivity o f  
position 2. When the mannopyranoside 102a was reacted under the same conditions the 2-O- 
tosylate 102c was the only product whereas partial tosylation with /?ara-toluenesulphonyl 
chloride in pyridine gave the 3-O-tosylate 102d as the major product97. Normally equatorial 
hydroxyl groups are more reactive than axial hydroxyl groups because the latter are more 
sterically hindered and so formation o f the 3-O-tosylate 102d is the normally anticipated 
result. It is conceivable that the difference in results under phase transfer conditions is due to 
preferential stability o f the 2-alkoxide over the 3-alkoxide, possibly because the C-O bond o f
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the 2-alkoxide can be stabilised by donation into the antibonding orbital o f the anomeric C-O 
bond.
Ph
Ph
Ph'
p-TsCI, NaOH
HO
HO
OMe 36 a OMe
HO Ph'p-TsCI, NaOH
HO
36 R1 R2
c  Ts H
d H Ts
1 02  R1 R2 
C Ts H 
d H Ts
OMe 1 02a OMe
3.3.1.2. Epoxidation
2,3-Anhydro sugars (epoxides) can be readily obtained using a general method which 
involves intramolecular Sn2 substitution reactions o f tosylated carbohydrates by treatment 
with a base. When the acetyl derivative o f 2-O-tosyl-methyl-p-D-glucoside 103 was treated 
with sodium methoxide in methanol a mixture o f 2,3-anhydromannoside 104 and 3,4- 
anhydroaltroside 105 were produced. The latter results from intramolecular nucleophilic 
attack o f the 2,3-epoxide by the 4-alkoxide (104), which is known as a Payne rearrangement 
or epoxide wall?*'99.
AcO
TsO 103
AcO
NaOMe
MeOH
OH
OH
OH
OMe
HO
OMe
1052 104
Similarly the action o f sodium methoxide on 2-chloro-2-deoxy-idoside 106 gave the 2,3- 
anhydro-allopyranoside 107 as only product, whereas the 2-0-tosyl glucoside 108 yielded the
2,3-anhydro-mannoside 109 in quantitative yield100.
PhPh
NaOMe
MeOH
OMe 106 OMe 107OH
Ph
Ph'
NaOMe
HO
MeOH
TsO
OMe 108 OMe 109
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Microwave irradiation (100 W) of 2-Otosyl-glucopyranoside 108 at 100 °C for 6 minutes in 
the presence o f A^OsiKOH (3:1, 2 equiv.) gave the 2,3-anhydro-mannoside 109 in nearly 
quantitative yield, whereas the yield was only 25 % when the reaction was performed under 
exactly the same experimental condition without microwave irradiation101.
3.3.2. Cyclodextrins
3.3.2.1. Selective derivatisation of cyclodextrins
,OH
HO
HO
fBuMe?SiCI
DMF, pyridine or 
imidazole
9 2  n = 6  
9 4  n = 7 
n 113  n = 8
OSi'BuMe2
TsCI, DMAP
DMF
HO
TsO
110
114
111 
112 
n 115
OSifBuMe;
K2 C 0 3, MeOH
or: NaH, THF
116  
117  
n 118
The differential reactivity (6 > 2 > 3,4) o f the hydroxyl groups o f a-methyl-D-gluco- 
pyranoside 24a is mirrored in the reactions o f cyclodextrins. The reactivity difference 
between the C-2 and the C-6 hydroxy groups o f cyclodextrins, is at least as great as between 
the corresponding groups in the glucopyranoside 24a. However with cyclodextrins, full 
functionalisation at these sites requires multiple reactions and consequently for many years, 
selective cyclodextrin chemistry was plagued by low yields and disputes over the purity o f 
products. The break through came when it was shown that /-butyldimethylsilylation showed 
high selectivity for the C-6 hydroxy group of cyclodextrins. When P-cyclodextrin 94 was 
treated with ter/-butyldimethylsilyl chloride and pyridine in DMF, the per-6-O-Z- 
butyldimethylsilyl derivative 96 was isolated in 82 % yield after chromatography and under 
identical conditions y-cyclodextrin 113 was converted to the silylated derivative 114 in 82 % 
yield. Use o f imidazole as base102 gave a only a 61 % yield o f silylated P-cyclodextrin 9610j.
Treatment o f silylated p-cyclodextrin 96 with /?ara-toluenesulphonyl chloride (3 equivalents 
per silylated glucopyranoside unit) in pyridine in the presence o f catalytic amounts o f 4- 
dimethylaminopyridine (DMAP) yielded the heptakis(2-0-tosyl)-cyclodextrin 112 in 50 % 
yield104. Later the procedure was refined and applied to all o f the per-6-O-silyl ether
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derivatives (110, 96, 114) to give the 2-per-O-tosyl-a-, (3-, y-cyclodextrins 111, 112, 115 in 
better yields (55 %, 58 %, 60 % respectively)105. Treatment o f these tosylates with potassium 
carbonate in methanol gave the 3-O-alkoxides, which underwent intramolecular Sn2 like 
nucleophilic attack o f  the 2-O-tosyl substituents to give the per-(2,3- 
anhydro)cyclomannoepoxides 116, 117, 118 in high yield (90 - 93%). In an alternative 
procedure heptakis-(2-0-tosyl) derivative 112 was treated with sodium hydride in 
tetrahydrofuran, but the desired product 117 was prepared in lower yield (75 % )105. It has 
previously been noted that nucleophilic substitution o f hydroxyl derivatives o f sugars and 
particularly cyclodextrins are very difficult except at the terminal hydroxyl group, 
consequently until these developments the chemistry of cyclodextrins was largely confined to 
6-derivatisation and 2,3,6-per-O-derivatisation. The preparation o f the epoxides 116,117,118  
and subsequent reactions with nucleophiles enabled the preparation o f a wide range o f 
cyclodextrins with new substituents and with non-gluco stereochemistry.
3.3.2.2. Per-3,6-anhydrocyclodextrins
aq. NaOH
'O
119 n = 6 
121 n = 7
a R1 = Ts, R2 = H 
b R1 = Ts, R2 = Bz
OH 120 n = 6 
122 n = 7
n
OR
Selective per-O-6-tosylation106 o f cyclodextrins and displacement by halides or other 
nucleophiles has been used previously for preparing 6-halo91- and 6-amino 107-cyclodextrins. 
The displacement o f  6-0-tosylates by a 3-hydroxyl group orientated syn to the 6-substituent to 
give 3,6-anhydro-monosaccharides was first discovered in the early years o f synthetic 
carbohydrate chemistry108. Combining these ideas gave viable routes to per-3,6- 
anhydrocyclodextrins 120, 122, which were reported simultaneously by two research groups 
and were the first cyclodextrins with wholly non-natural conformations. Heptakis-6-O-tosyl- 
(3-cyclodextrin 121a was prepared by Stoddart’s group without incident and then heated with 
a 1M aqueous solution o f sodium hydroxide for 2 days to yield heptakis(3,6-anhydro)-|3- 
cyclodextrin 122 in 44 % yield109. Tosylation o f a-cyclodextrin 92 was more difficult and 
hexakis(6-0-tosyl)-a-cyclodextrin 119a could not be isolated in a pure state. Consequently 
hexakis(2,3-0-benzoyl-6-0-tosyl)-a-CD 119b was prepared in high yield (95 % )110 and the 
esters hydrolysed using a mixture o f triethylammonium, methanol and water (1:5:1) at reflux
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for 4 days to give hexakis(6-0-tosyl)-a-cyclodextrin 119a. Treatment with sodium hydroxide 
produced hexakis(3,6-anhydro)-p-cyclodextrin 120 in 22 % yield109. Alternatively, Defaye’s 
group, treated a -  or (3-cyclodextrins 92, 94 with triphenylphosphine and iodine to give the 6- 
iodo-derivatives 119c, 121c (80, 88 % yield). These were cyclised with sodium hydroxide in 
DMSO to give the per-3,6-anhydrocyclodextrins 120, 122, in 75 and 88 % yield 
respectively91. When this approach was repeated by the Stoddart group using Amberlyst IRA- 
400 resin (hydroxide form) or potassium hydroxide, heptakis(3,6-anhydrocyclo)-P-dextrin 
122 was formed in 30 % and 26 % yield respectively111. An important aspect o f both routes 
involving iodide displacement, was the removal o f metals ions from the product by ultra­
filtration (Defaye91) or crystallisation (Stoddart111). Heptakis(3,6-anhydrocyclo)-p-dextrin 122 
preferentially binds potassium over, lithium, sodium, rubidium and caesium cations111,112 and 
the X-ray crystal structure o f a 2KOH. 3.5H2O. 0.333(CH3COCH3) complex showed that the 
potassiums were 10- and 11-coordinate111.
1 1 0Octakis(3,6-anhydro)-y-cyclodextrin was prepared by the tosylation route (95.2 % yield ) 
and had a strong preference for binding rubidium and caesium cations, over a total o f  21 other 
metal ions, (including the other alkali metal ions) and the X-ray crystal structure o f a caesium 
complex was determined113. Pentakis- and three tetrakis(3,6-anhydro)-a-cyclodextrins all 
showed strong preferences for binding rubidium and to a lesser extent potassium over all the 
other alkali metal ions114.
The !H NMR spectrum o f the per-3,6-anhydrocyclodextrins 120, 122 showed signals at 3.87 
and 3.94 ppm (both V 2,3 = 5 Hz) for H-2 and at 4.31 (V3,4 = 5.5 Hz; V4,5 = 2 Hz) and 4.19 
( J 3 4 = 5 Hz; J4 5 = 2.5 Hz) ppm for H-4. The values o f these coupling constants are those 
expected for equatorial, equatorial coupling, which confirms that the 2,3-anhydro-D-glucose 
units are in the XC$, rather than the 4C\ conformation o f the parent cyclodextrins 92, 94115.
3.4. Regioselectivity of ring opening
The nucleophilic ring opening o f epoxides goes via a Sn2 mechanism and hence the 
orientation o f the former nucleophile and the hydroxyl substituent are always trans to each 
other in the product. Similarly, nucleophilic ring opening o f the epoxide moiety o f 2,3- 
anhydro-hexapyranosides with nucleophiles gives /ram-products, but there are two possible 
products the trans-diaxial and the /ram'-diequatorial. Most frequently the products result from
46 Cyclodextrins, Introduction
trans-diaxial ring opening and this phenomenon is often referred to as the Furst-Plattner rule. 
For example, reduction o f methyl 2,3-anhydro-4,6-0-benzylidene-a-D-allopyranoside 123 
with lithium aluminium hydride, gives 2-deoxy-hexopyranoside 124, whereas 2,3-anhydro- 
mannopyranoside 125, gives the 3-deoxy-hexopyranoside 126116’4.
LiAIH,
ether
OMe 124HOOMe 123
HO
-0
ether
OMe 12 5 OMe 126
3.4.1. Per-3-amino-3-deoxycycloaltrin
HOHO OHH ,0
HOHO
A, 4  d a y s
OMe 128  a-M ethyl-D-altropyranoside, 95.7 % yieldOMe 12 7 OH
In a similar way to that described above, treatment o f the 2,3-anhydro-mannopyranoside 127 
with refluxing water for four days, gave altropyranoside 128 by axial attack o f the epoxide by 
water at C-3. In a more spectacular example the tetra-saccharide mono-mannoepoxide 129 
was hydrolysed under the same conditions to give Glu-Alt-Glu-Glu 130 in 72 % yield. 
Evidence for the assigned structure was provided by FAB-MS and acidic hydrolysis which 
gave a mixture o f  glucose 29 and altrosan 132. Authentic altrosan 132 was prepared by the 
acid treatment o f altrose 131 or methyl altropyranoside 128 and the products compared by 
HPLC. The formation o f altrosan 132 without the formation o f levoglucosan 133 is probably 
due to conformational reasons. Formation o f levoglosan requires that all five o f the 
substituents (4 x OH, CH2OH) on the ring o f 133 become axial before cyclisation can occur, 
whereas formation o f altrosan 132 only requires three substituents to become axial.
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HOHO
A, 4  d a y s HOHO OH
OHOH
HOHO
130, 72 % yield129 OH
OH
OH
OH HOHO HOHO
OHOH
HO
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OH OH 131 D-Altrose
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1 3 2  AltrosanHO HO
HOOH
l"0 HO'
HO
H 0  OH 29  D -G lucoseOH 1 3 3  L evog lu cosanHO
Exactly the same hydrolysis conditions were applied to mono-2,3-anhydro-mannopyranosyl- 
P-cyclodextrin 134. The structure o f  the product 135a was established by acid hydrolysis as 
before; a 6:1 mixture o f glucose 29: altrosan 132 was formed as expected117. Similarly
treatment with aqueous ammonia for only 24 hours at 60°C, again resulted in nucleophilic
118attack at C-3 to give mono-(3-amino-3-deoxy-altropyranosyl)-(3-cyclodextrin 135b . In the
!H-NMR spectrum 3J 2,3 was 10.4 Hz for the altroside ring which is consistant with a ]Ca 
rather than 4Ci a conformation119, whereas an X-ray crystal structure o f the 5.5 hydrate, had 
the skew boat conformation120.
OHHO HO
H20 ,  A, 4 days or
28 % aq. NH3, 60°C, 24 hr.
1 34
135  4Ci
a R = OH, 80 % yield 
b R = NH2, 98 % yield
The nucleophilic ring-opening reaction o f heptakis(2,3-anhydro)-p-cyclomannin 136 with 
water produced p-cycloaltrin 137a, 138a in 72.9% yield. The coupling constant between H-l 
and H-2 was 4.5 Hz which indicates either a mixture o f 4Ci and *C4 conformers 137a, 138a or 
a twisted boat121. Per-3-amino-3-deoxy-P-cycloaltrin 137b was prepared by reaction of 
manno-epoxide 136 with ammonia, but the NMR spectra were reported to be complex which 
was attributed to association between the amino groups122.
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OH
OH
OH
OH
H2 0 ,  A, 5 d. or 
ex cess aq. NH3, 6  d. a R = OH 
b R = NH2
OH
137
7 4C ,136
Perfunctionalised p-cycloaltrins 142 with amino groups on both faces o f the macro-ring have 
been prepared as polymer precursors and as templates for further functionalisation such as 
reaction with C6o123. Heptakis(6-azido)-p-cyclodextrin 139124 treated with sodium hydride and 
benzenesulfonyl chloride gave the manno-p&r-epox\de 140 in one pot which underwent ring 
opening with sodium azide at C-3, to give the heptakis(2,6-diazide) 141. Reduction o f the 
azide substituents with triphenylphosphine gave the key heptakis(2,6-diamine) 142 in 91 % 
yield, which reacted with chloroacetic anhydride to give the per(3,6-di-./V-chloroacetyl) 
derivative 143 in 85 % yield125.
OH
HO
HO
p-C yclodextrin
NH
HO
HN
143
HO
HO
7 1 3 9 7  140
HO
142
Scheme: Reagents and conditions (i) a) Ph3P, I2, DMF, 70°C, 92 %; b) NaN3, 60°C; DMF, 98 %124; 
(ii) NaH, DMF, rt 5 h., PhS02Cl, rt, lh, 84 %; (iii) NaN3, DMF: H20  9:1, 120 °C, 3 d., 55 %; (iv) 
PPh3, DMF, rt, 1.5 h, then NH3 aq., rt, 24 h, 91 %; (v) (C1CH2C0)20 , MeOH, rt, 24 h, 85 %125.
3.4.2. Per-3-deoxycyclomannins:
Heptakis(3-deoxy)-p-cyclomannin 144a was the first cyclodextrin to be prepared which was 
reduced on the ring and the derivatives 144b, 114c are the only cyclodextrins with non-natural 
stereochemistry to have ever been used as stationary phases for capillary GC. In capillary GC 
columns, modified cyclodextrins are used as stationary phases; most commonly these are
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permethyl-cyclodextrins, but other alkylated and/or silylated derivatives have also been used. 
Permethyl-cyclodextrins have the aspect ratio o f a cup, in the same way as the parent 
cyclodextrins, but the heptakis(3-deoxy)-p-cyclomannins 144b, 114c have flattened structures 
which resemble an old fashioned rimmed soup plate. These GC columns can be used to 
separate the enantiomers o f esters, alcohols, ketones, heterocycles, aromatic compounds, 
amino acid derivatives and others. The key step was the reduction o f heptakis(2,3-anhydro, 6- 
0-TBDMS)-p-cyclomannin 117. When excess diisobutyl aluminium hydride in toluene or 
lithium aluminium hydride were tried, complex mixtures were formed and in the latter case 
the silyl groups were also partially cleaved. However reduction with Super-Hydride (lithium 
triethylborohydride solution in THF) gave heptakis(3-deoxy)-[3-cyclomannin 144a in 40 % 
yield.
.OSifBuMe2 ,OSifBuMe2
\  OR _ __  1AA-. R -  H ----
i
| l*Wd r\ — n
\ /  \ y  | 1 '—► 144b R = Me
w
144c R = Bn-*-*
L“ —J 7 117 _ _ 7 144a-c
.OH
OH
Scheme. Reagents: (i) LiEt3BH (1M, in THF, 5.1 equiv.), rt., 2h., LiEt3BH (1M, in THF, 2.6 equiv.), 
reflux, 48 h., 40 %; (ii) NaH, Mel, THF, rt., 12h., 90 %; iii) NaH, BnBr, THF, rt., 48 h., 59 %; (iv) 
UAIH 4, 0°C to rt., 2 h, 65 °C for 7 d., 51%126.
Treatment o f heptakis(3-deoxy)cyclomannin 144a with methyl iodide and/or benzyl bromide 
in THF using sodium hydride gave heptakis(2-0-methyl) 144b and heptakis(2-0-benzyl) 
144c ether in 90 % and 59 % yield respectively. The lH-NMR data for these compounds gave 
minimal coupling constant data, because o f a narrow chemical shift range and the large 
number o f couplings. However, H-l appeared as a signal o f doublet (2.8 Hz), a broad singlet 
and a doublet o f 2.4 Hz with chemical shifts o f 4.62, 4.73, 4.84 ppm for 144a, 144b, 144c 
respectively. These low values are consistant with equatorial-equatorial coupling and hence 
the 4Ci conformation. As expected the H-6 protons showed large geminal couplings from 
10.7-11.2 Hz but small or zero vicinal couplings to H-5, which indicates H-5 and H-6 have 
the gg-conformation126. It was later shown that protracted reduction of heptakis(2,3-anhydro,
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6-OTBDM S)-P-cyclomannin 117 with lithium aluminium hydride reduced both the epoxides 
and the silyl ethers to give heptakis(3-deoxy)-p-cyclomannin 145127; identical methodology 
was used to prepare octakis(3-deoxy)-y-cyclomannin .
3.4.3. Abnormal ring opening of manno epoxide:
The mono(2,3-anhydro)-(3-cyclomannins and -P-cycloallins 134, 148 show interesting 
differences in reactivity with imidazole. The mono(2,3-anhydro)-P-cyclomannin 134 
undergoes attack predominantly at C-3 and the ring flips to give the ]C4 conformer 146 as 
described previously for other nucleophiles. Mono(2,3-anhydro)-P-cyclomannin 134 
undergoes attack at C-2 and C-3 with little selectivity. Both modes o f attack are from the 
unhindered side (outside) o f the macro-ring and it might be expected that rram-diaxial attack 
should predominate (Furst-Plattner rule), but this yields the minor product 149129.
OH
Hf %
N/
HCI, 75°C, 90 h 
1 34  M a n n o
,OH
:N
DMF, 90°C, 5 d.
1 48  A lio
1 46  A ltro  1 C4  [GIu]6 
83 % yield
1 4 7  G lu c o ^ C ,  
3.8 % yield
.OH
.[Glu],
A  3
149 A ltro  1C4  V  o  1 5 0  G luco  4C i
18 % yield i Glul6 — S  55 % yield
Ring opening o f  mono(2,3-anhydro)-p-cyclomannin 134 with sulfur nucleophiles, also gives 
products from ring opening at C-3 and C-2. The biomimetic pyridoxamine-cyclodextrin 151 
was prepared by normal mode thiol attack at C-3130 as expected, however the reaction with 
sodium sulfide was more complex. Treatment o f  mono(2,3-anhydro)-P-cyclomannin 134 with 
sodium sulfide (0.46 equivalents) gave the 3,3'-sulfide 153 (30 % yield) and the 2,2'-disulfide 
155 (13 % yield), but none o f the 2,3'-sulfide 156 was identified. The low yields do not 
exclude the possibility that this was formed, but not isolated131. The 'H-NM R spectroscopic 
data revealed that 3,3'-sulfide 153 had the basic pattern o f an altroside residue with a 
predominantly *C4 conformation, from the normal attack o f the intermediate thiolate 152 to C-
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3 of the epoxide 134. However the abnormal ring opening of epoxide 134 lead to the 
unexpected formation o f 2.2'-disulfide 155 as a minor product, with a 4Ci conformation, from 
the reaction o f the intermediate thiolate 154 with the C-2 side o f epoxide 134. Various 
nucleophiles such as benzyl thiol, sodium azide and iodine have been reacted with mono(2,3- 
anhydro)-(3-cyclomannin 134127 and attack generally follows the rram-diaxial rule130 in which 
there is predominantly the formation o f 3-modified altrose structures as major {normal) 
products and 2-modified glucosidic species as minor {abnormal) products.
OH
NH-
.©
OH OH
.OH HS
HO
‘[GIu]6  y  1 34  M a n n o NR % yield
OH
OH
134Na2S attack at C-3 1 53
3 ,3 -S u lfid e  dimer 
30 % yieldNormal ring opening
152 156
2 ,3 '-Su lfide dim er 
0  % yield
134
OH
155
2 ,2 -S u lf id e  dim er  
13%  yield
134Na2S attack at C-2 HO
Abnormal ring opening © S
154[Glu](
3.5. Reaction of cysteine with electrophiles
In the reactions o f species bearing many nucleophilic groups, functional group modification 
with protecting groups is frequently used to differentiate the groups, but this is not necessarily 
required. Careful control o f pH can give the same benefits without explicit protection- 
deprotection steps. For example, cysteine ^-conjugates are important building blocks in the 
preparation o f peptides such as modified glutathiones (GSH). L-Cysteine 157a in sodium 
ethoxide solution is alkylated on sulfur by electrophiles such as epoxides and alkyl bromides
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(158). There were no side reactions due to the protonated amino group, which was 
subsequently protected by f-butyl dicarbonate (B0C2O) to facilitate isolation (159).
r SH i) NaOEt/EtOH r SR B o c20,, ii) Electrophiles
^ N T ^ C O ?  1 5 7 a  (EPoxides . R-Br) H3N ^ ^ C o f  1 5 8 BocHN
r
C0 2H 1 5 9
In the case o f reaction between styrene oxide 162 and cysteine 157a a mixture o f regioisomers 
163 and 164 (75 % yield) were recovered, o f which the most abundant product was from the 
attack o f the cysteine sulfur atom at the less hindered carbon atom of styrene oxide (163). The 
two bromohydrin regioisomers 160, 161 were reacted with cysteine to avoid tedious 
separation o f  the four isomers but the products 163, 164 obtained was the same as styrene 
oxide. This was due to the intramolecular epoxide ring closure o f both bromohydrins 160, 161 
before reacting with thiolate under the basic reaction condition132.
.OH 1 60
i
OH
SH BocHN
2:1
CO? 1 5 7 a
B SR 162
HO
S
NHBoc 1 6 4
Br 161
Scheme. Reagents i) NaOEt, EtOH, ii) L-Cysteine 157a, diy EtOH, NaOEt, rt, 2 h, then acidified with 
HC1 (4 %), iii) NaOH, Boc20 , water:dioxane 1:2, 0°C - rt., 4 h. (75 -  90 % yield)132
Leukotriene-E4 (LTE4) is one o f the leukotrienes that are thought to be involved in asthmatic 
and allergic reactions. It is prepared synthetically and possibly biosynthetically by Sn2 attack 
o f LTA4 by cysteine thiolate at C-6. This centre is attacked because the protonated/solvated 
epoxide is able to stabilise carbocation character by resonance with the adjacent alkene bonds. 
It was originally reported (without experimental details) that cysteine 157a could be used as 
the nucleophile with LTA4 methyl ester 165133, but later cysteine methyl ester 157b was used 
and gave LTE4-methyl ester in 75 % yield, which was hydrolysed to LTE4 166 in 82 % 
yield134.
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165 LTA4 methyl ester
Et3 N, MeOH
SH
1 5 7  C o n d it io n s  fo r  s e r i e s  a & b
a R = © ii 0.1 M K2C 0 3, H20:M eO H  98:2, 23°C  
b R = M e ii 0.1 M K2C 0 3, H20 ,  M eOH, 0°C  
H2N c o 2r
r
.OH
= / CO-
1 6 6  LTE,
3.6. Synthesis of olefins
3.6.1. Monosaccharides
Introduction o f unsaturated systems into carbohydrates is another method for the preparation 
o f modified sugars. The monosaccharide olefin 168 was prepared by treatment o f 2,3-manno- 
epoxide 125 with a mixture o f  sodium iodide in refluxing AyV-dimethylformamide in the 
presence o f zinc dust (Tipson-Cohen m ethod135) and addition o f dimethoxyethane to maintain 
the reaction temperature at 125 -  130 °C. Sodium iodide provided the zinc alkoxide o f 
iodohydrin as an intermediate which consequently was rapidly changed into unsaturated 
sugar, using zinc-copper couple via a Boord elimination (167) to give an 1:1 mixture o f 4,6- 
0-benzylidene-2,3-dideoxy-methyl-a-D-gluco-hex-2-enopyranoside 168 and starting material
125 136
Ph
Nal, Zn-Cu, 
DMF, DME
Reflux, 3h
,© OMe
1 25
PhZn
Ph
OMe
168OMe _ 1 67Zn
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3.6.2. Cyclodextrins
Cyclodextrin alkene, diene and triene derivatives are prepared when thiourea reacts with 
cyclodextrin epoxides. Mono(2,3-anhydro)-|3-cyclomannin 134 (and the alio-analogue 148) 
react with excess thiourea in water to give the alkene 169 and the thiirane 170. When the 
reaction time is prolonged the alkene 169 is the predominant product (70 % yield). In the case 
o f reaction o f thiourea with dimannoepoxide 171, dialloepoxide and trialloepoxide gave the 
corresponding diene 172 (45 %) and the corresponding trienes127.
OH OH.OH
H20 ,  80 °C, 1d
16 9  A lkene 1 70  Thiirane1 3 4  M ono-m an n o-ep oxid e
70 % yield
HO
NH2
HO
H20 , 80 °C, 1d
171 D i-m anno-epoxide
HO
HO
1 7 2  D ien e  
45 % yield
In a dramatic demonstration o f the power o f this technique; heptakis(2,3-anhydro)-|3- 
cyclomannin 136 was subjected to deoxygenation with thiourea, to give heptakis(2,3-dideoxy- 
2,3-thia)-P-cycloallin, which was reduced to give the heptakis(alkene) 173137. Dihydroxyl- 
ation from the outer face by catalytic amounts o f osmium tetraoxide regenerated with N-
1 no
methylmorpholine JV-oxide gave p-cyclomannin 174 in 64 % yield, in a reaction which 
generated 14 chiral centres in one synthetic operation!
OH OH
H2N NH;
HCI, HzO,
90 °C, 30 mins
ii NaHCO:
iii Ph3P
/  n©
O s0 4, H20 ,
40 °C, 130 mins
136 1 73  56% yield 1 7 4  p-C yclom annin , 64 % yield
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Chapter 4
Results and Discussion
4. Synthesis of chemically modified cyclodextrins
4.1. Introduction: Periodate cleavage of cyclodextrins
The potential o f nanotechnology has prompted research efforts to manufacture nanoscale 
objects with useful physical and chemical properties. However the range o f materials that can 
be prepared at this scale is limited by the ability to control the formation o f large rings. Ring 
formation is essential to achieve strong and selective binding o f guests, which underlies 
virtually all recognition and selectivity phenomenon. Macrolactonisation o f  natural 
products139 and olefin metathesis to produce large rings140 may extend the range o f materials 
available, but at present most large chemical structures, such as calixarenes are devoid o f 
functionality.
Cyclodextrins are able to form inclusion complexes with a wide range o f guest molecules, and 
there has been much interest in the synthesis o f novel cyclodextrins with increased 
compatibility between the cavity and guest molecules for use as supramolecular building 
blocksU'HX. Moreover cyclodextrins are natural products, available from renewable 
carbohydrate sources and are ultimately biodegradable, consequently they are a sustainable 
source. The disadvantage o f cyclodextrins is the large number o f hydroxyl groups o f similar 
reactivity and the limited range o f forms available.
P-Cyclodextrin 94 can be viewed as two 35-membered rings conjoined at the anomeric 
oxygen atoms. Cleavage o f the vicinal diol moieties in p-cyclodextrin 94 by periodate 
oxidation (175) and then reduction with sodium borohydride creates a single 35-membered 
ring (176) with additional flexibility to bind hydrogen bonding guests.
An aqueous solution o f p-cyclodextrin 94 was oxidized with sodium periodate at 26 °C for 2.5 
days, excess periodate and iodate were precipitated with barium chloride, the mixture (175a) 
was reduced with borohydride (176a) over two days and finally acetylated to give the 
henicosakis(2LcelatQ) 176c in 11 % yield. Repetition o f this procedure with a-cyclodextrin 92, 
gave the corresponding octadecakis(acQtatQ) in 0.6 % yield142. Cleavage and reduction o f p- 
cyclodextrin 94 sequence was repeated and used to prepare the henicosakis{0-mdhy\)~ 
derivative 176d143. Amazingly, this work has only ever been cited once (in a review141) and 
not by any other workers, including those subsequently doing essentially identical work.
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1 7 5
a R = H
b R = fB uM e2SiBnNH2,
NaCNBH3 NaBH,
1 7 7
a R = H
b R = ?BuM e2Si
B uM e2Si; R 1 = H
1 7 8
a R = H
b R = fBuM e2Si
Scheme: Proposed synthesis of cyclodextrin derivatives
Alternatively cleavage o f P-cyclodextrin 94 was carried out by using a three molar excess o f 
sodium periodate and keeping the aqueous solution in a dark ice-box for 7 days. To 
decompose excess sodium periodate, l,2-ethanediol was added and the reaction stirred at 0 °C
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overnight, followed by reduction o f the resulting tetradecakis{aldehyde) 175a with sodium 
borohydride in methanol. Subsequent acetylation in the usual manner with acetic anhydride 
and pyridine, and crystallisation from ethanol gave the henicosakis(acetate) 176c in 88 % 
reported yield144. Similarly a-cyclodextrin 92 and y-cyclodextrin 113 were converted into the 
corresponding octadecakis{acetate)145 and tetracosakis(acQtatQ)lu  in 92 and 82 % yield 
respectively.
Cleavage o f cyclodextrins by periodate followed by reduction and per-derivatistion gives 
large flexible rings, which have useful complexing ability, but these ligands (176a, c, d) are 
achiral with Cxv symmetry (x = 6, 7, 8 etc). This can be rationalised by considering the 
butane-1,4-diol units which have the erythritol-configuration which is meso. The lack o f 
asymmetry reduces the value o f these compounds as ligands and components o f nano­
machinery. However cleavage and reduction o f /je/?ta&w(6-0-tert-butyldimethylsilyl)-(3- 
cyclodextrin 96 gives a chiral product 176b and at least in principle, the two different 
hydroxylmethyl groups could be selectively derivatised to introduce further functionality. In 
effect silylation breaks the symmetry o f the butane-1,4-diol units. Alternatively, reductive 
amination o f the tetradecakis{aldehyde) 175 could yield the chiral morpholine derivative 177 
in preference to the 7-membered ring analogue 178. Moreover the silylated derivatives should 
be more soluble in organic solvents and be easier to chromatograph and purify.
4.1.1. Periodate cleavage o f 4,6-0-benzylidene-methyl-a-D-glucopyranoside 36: Study of  
a model
For convenience and to avoid unnecessary waste, in the investigation o f the cleavage o f 
cyclodextrins, we selected the diol; 4,6-O-benzylidene-methyl-a-D-glucopyranoside 36 as a 
model compound (Section 2.8.1.). The 4,6-O-benzylidene acetal 36 is a good model for 
cyclodextrins, because the 4-hydroxy group is protected and mimics the glycosidic linkage. 
The 6-hydroxyl group is protected and this imitates the common selective 6-O-silylation o f 
cyclodextrins. Moreover the benzylidene group rigidifies the pyranoside ring, which mimics 
the rigidity o f the macrocyclic ring. Cleavage o f the benzylidene compound 36 by periodate 
under aqueous and non-aqueous conditions was investigated as a model for the cleavage o f (3- 
cyclodextrin 94 and heptakis(6-0-TBDMS)-P-cyclodextrin 96. The polarity o f 4 ,6-0- 
benzylidene-a-methyl-D-glucopyranoside 36 lies somewhere between these two extremes.
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Therefore conditions which can be applicable to water soluble and water insoluble 
compounds were desired.
OR
Ph
O
HOHO
HOHO
OMe
7
9 4  R = H
NalO, OHO0
HO
179
1 8 0
96  R = 'BuMe2Si
The method initially used for the cleavage o f the benzylidene diol 36 with metaperiodate was 
based on an Organic Syntheses procedure intended for use on 4,6-O-ethylidene-D-glucose 
179146 which is appreciably more water soluble than the benzylidene diol 36 used in this 
work. We additionally intended to do immediate reduction with the borohydride. 
Consequently the method was modified so that the aqueous metaperiodate used in the 
cleavage step was replaced by 20 % ethanolic aqueous periodate. Nevertheless, although 
about 15 % o f a product was identified by 'H-NMR, it could not be isolated. Therefore further 
efforts were taken to optimise the reaction. A suspension o f the benzylidene diol 36 in water 
was added to a cooled suspension o f sodium metaperiodate in water, maintained at 
approximately pH 4 by drop wise addition o f 8 M sodium hydroxide for 3 hours. Reduction o f 
the precipitate formed was directly done with sodium borohydride in ethanol, and the reaction 
was stored in the freezer overnight. 1 H-NMR spectrum o f the crude product displayed signals 
consistant with starting material and circa 13 % o f a new product, but isolation by column 
chromatography (silica gel, petrol to ethyl acetate gradient) yielded only starting material 36 
(85 % yield).
4.1.2. Methodology development
4.I.2.I. Cleavage condition for water soluble diols
In a slightly different procedure, the diol 36 was dissolved in warm methanol and a solution o f 
aqueous sodium periodate was added to the sugar solution, the corresponding dialdehyde 181 
was formed. Reduction with borohydride gave 3-0-(2 '-hydroxy-r-m ethoxy-ethyl)-2,4 -0 - 
benzylidene-D-erythritol 182a as an oil in excellent yield (90 %). A portion o f  the material 
(194 mg) was acetylated in the usual way by acetic anhydride in the presence o f  pyridine72 to 
give diacetate 182b (57% yield) which is less polar and crystalline. The erythritol 182a and 
diacetate 182b were successfully characterised by NMR spectroscopy.
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Scheme. Reaction conditions, i) N aI04, CH3OH, H20 ; 2 hr., room temperature or H I0 4, THF, EtOH; 
2 hr. room temperature; ii) NaBFh; EtOH; iii) acetic anhydride, pyridine, CH2C12, 3 hr. in ice bath, 2 d. 
in refrigerator.
4.1.2.2. Cleavage conditions for water insoluble diols
Cleavage conditions for water insoluble diols was developed when benzylidene compound 36 
was dissolved in THF and ethanol and then a solution o f periodic acid in THF was added to 
the sugar solution and stirred for 2 hr. at r.t. Reduction by sodium borohydride monitored by 
TLC yielded erythritol 182a in 80 % yield, which was characterised by NM R spectroscopy.
4.1.2.3. Spectroscopic characterisation o f pyranoside 2,3-cleavage products 182
Key 3J h. c Correlations
Note: A ssig n m en ts follow su gar num bering  
rather than numbering in the nam e
1 8 2 b
Assignment o f the H -l, H-2a, H-2b spin system was comparatively easy, because o f the 
unambiguous assignment o f H -l from the lJ  'H -13C COSY NMR experiment ( 5 h  4.72, 8 c  
100.0). The assignment o f H-2a and H-2b then follows from correlations in a lH -JH COSY 
experiment. Assignment o f the signals for the C-3 to C-6 segment o f the molecule was very 
difficult, because H-4 overlapped with H-5 (Table 24). The side of the signal attributed to H- 
4, showed a possible doublet o f doublets (9.5, 4.7 Hz), whereas H-5 was a complex multiplet. 
Moreover, the functional array o f C-3 to C-6 is approximately symmetrical (erythritol like). 
The ends o f the spin system were assigned by means o f a 3J  'H -^C  COSY NM R experiment. 
This showed 3J h -7 ,c -6 , V h - 7 ,c -4 > 3J h -6&,c - i , and hence enabled C-6 to be distinguished from C-3. 
H-6a and H-6b are most likely the equatorial (8 4.43) and axial (8 3.67) respectively. HRMS 
(ES+) provided the parent (M+H*) ion at m/z 285.1337, and (M+NHU+) ion at m/z 386.1813 
for the diol 182a and the diacetate 182b respectively.
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Table 24.
acetoxy-1'
'H -’H Coupling constant measurements and correlations for l-3-<9-(2'- 
-methoxy-ethyl)-2,4-0-benzylidene-D-erythrityl acetate 182b.
Proton
1 5.7 5.2
2a 5.0 11.7
2b 5.9 11.8
3a 12.2 0.8
3b 12.1 4.7
4 9.5 4.7 ?
5 ? ? ?
6 a (e2) 10.9 4.3
! 6 b ( ^ ) 10.1 10.1
4.1.3. Selective modification of the primary hydroxyl face of P-CD 94
4.I.3.I. Preparation of 6-0-t-butyldimethylsilyl derivatives of cyclodextrins
Due to the large number o f hydroxyl groups (21 in |3-cyclodextrin 94) selective modification 
o f these groups can be difficult. Therefore protection o f the primary hydroxyl groups were 
initially carried out by treatment o f f3-cyclodextrin 94 (3.0 g) with imidazole and tert- 
butyldimethylsilyl chloride in DM F103. After 15 days stirring at room temperature an excellent 
yield o f the heptakis(6-0-ter/-butyldimethylsilyl)-P-cyclodextrin 96 was achieved (4.6 g, 
91%). In an alternative procedure a solution o f |3-cyclodextrin 94 (1 g) in dry pyridine was 
added to a solution o f /ert-butyldimethylsilyl chloride in dry pyridine147 at 0°C, the reaction 
required 20 hours stirring at room temperature. The yield was lower (1.18 g, 70%), but the 
time scale was more practical. Therefore a large scale preparation o f p-cyclodextrin (10 g) 
was undertaken using the dry pyridine method and a good yield achieved (11.83 g, 70%).
^ O H g^ O S i fBuMe2 ~
\ 'BuMe2SiCI, imidazole, DMF
o
I 3 h o ]
/  H 0~4
HO
o r  fBuMe2SiCI, pyridine
- 7 9 4  p-C yclodextrin —
Scheme. Synthesis of heptakis(6-0-rerr-butyldimethylsilyl)-P-cyclodextrin 96.
4 .I .3 .2 .. Periodate Cleavage of the glucose rings of p-CD
In view o f the results from the preliminary study, the isolation o f D-erythritol 182a in high 
yield looked promising for development o f new oxidation-reduction reaction to cleave the
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glucose ring o f 6-O-terr-butyldimethylsilyl cyclodextrins. Hence in order to examine if  
oxidation-reduction o f  silylated p-cyclodextrin 96 was practical for the synthesis o f  
tetradecakis(a\cohol) 176b, a mixture o f P-CD derivative 96 and sodium periodate was stirred 
in methanol at room temperature for 6 h. Reduction with sodium borohydride resulted in 
recovery o f only unreacted starting material 96 in 87% yield.
HO
HO
7 96
OSi'BuMe
HO HO
7 1 7 5 b 7 1 7 6 b
Scheme: i) HI04, THF, EtOH or NaI04, CH3OH, H20 ; ii) NaBFL, EtOH142.
On the other hand, when the silylated cyclodextrin 96 was treated as a water insoluble 
compound and reacted with periodic acid, stirred at 0 °C in THF for 6 hours, the ]H-NMR 
spectrum showed a complicated mixture which was confirmed by the presence o f a large 
number of spots in the TLC. The periodic acid procedure was repeated again under the same 
reaction conditions and the progress o f  reaction was monitored by TLC. When TLC 
confirmed complete consumption o f starting material after 2 hours, 1,2-ethanediol was added 
to the reaction mixture to decompose excess periodic acid, followed by reduction with sodium 
borohydride in ethanol. !H-NMR spectra indicated an ambiguous mixture which had r-butyl- 
and dimethylsilyl groups at the right chemical shifts ( 5 h  0.82, 0.01 respectively) plus some 
overlapping complex signals in the sugar region which could not be identified.
4.1.3.3. Conclusion
Two novel methods for the facile synthesis o f D-erythritol 182a and the di-O acetyl-derivative 
182b were developed successfully, using the oxidation-reduction o f diol 36 with either 
sodium periodate in methanol or periodic acid in THF and sodium borohydride. However 
oxidation-reduction o f the silylated p-CD 96 under the same reaction conditions failed to give 
the expected tetradecakis(alcohol) 176b, presumably due to the complexity o f the 
cyclodextrins.
62 Cyclodextrins, discussion
4.2. The synthesis o f cycloaltrin-3-sulfides
4.2.1. Introduction
Nu
7  1 1 7
OSi'BuMe
183
7 4Ci
OH
OSi'BuMe- OSi'BuMe2
OSi'BuMe2
.OSi'BuMe2 .OSi'BuMe-
Previous work on the reaction o f /je/?taA;w(2,3-anhydro)-|3-cyclomannin 117 with nucleophiles 
indicates that attack occurs preferentially at C-3 (trans-diaxial ring opening130) to give 
products with a/rro-stereochemistry in the 4Ci conformation (e.g. Nu = H) or more commonly 
the *C4 conformation. Consequently this modifies the stereochemistry of the C-2-and C-3 
hydroxyl groups o f cyclodextrins, and can result in extension o f the length of the chiral cavity 
on the secondary face.
Scheme. Proposed synthesis o f cyc/o-hepta-L-alanine 188
7 1 8 7
185
Altro
4C,
w sc
Bu3SnH o r
Raney
nickel
7 14 4 a
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It was proposed that if L-cysteine 157a acted as a nucleophile with /zepta&/s(2,3-anhydro)-P- 
cyclomannin 117, the epoxide ring opening process would create a cycloaltrin adorned with 
amino acid groups on the top face 185, 186 (capped cyclodextrins). This amino acid 
cycloaltrin would provide hydrogen bonding interactions and therefore could be used as a 
stationary phase for HPLC to discriminate the enantiomers. Besides that, coupling o f the 
carboxylic acids and amines with water soluble carbodiimide (WSC) would form amide 
bonds to give a cycloaltrin surmounted by a peptide ring 187 with novel binding properties. 
Finally desulfurisation by with tributyltin hydride or Raney nickel would yield the known 
heptakis(3-deoxy)-p-cyclomannin 144a and also cyc/o-heptakis-L-alanine 188. As far as we 
are aware, this would be the first covalent template synthesis o f  a cyclic peptide.
4.2.2. Synthesis o f tosyl and m anno-deri\siti\es
4.2.2.1. M odel studies: The p rep ara tio n  o f 2 ,3-anhydro-4 ,6-0-benzylidene-m ethyl-a-D - 
m annopyranoside 109
Perfunctionalisation o f P-cyclodextrins requires seven sequential reactions on the same 
molecule and moreover cyclodextrins are difficult to prepare in large quantities, therefore 2,3- 
anhydro-4,6-0-benzylidene-methyl-a-D-mannopyranoside 109 was used as a model for
/je/?ta&z'.s,(2,3-anhydro)-p-cyclornannin 117.
Ph
p-TsCI,
DMAP, pyridine NaH, THF
TsO
24 hr., 0 °C - rt PhTsO
OMe
189
HO p-TsCI, |
DMAP, pyridine
Ph
HO
OMe
HO PEG, NaOH, PhHovernight, 50 °C OMe
10 9TsO
OMe
1 08
Scheme. Synthesis o f 2,3-anhydro-4,6-0-benzylidene-methyl-a-D-mannopyranoside 109 from 4 ,6 -0 -  
benzylidene-methyl-a-D-glucopyranoside 36
The mannopyranoside 109 was prepared by selective tosylation o f the C-2 hydroxyl group o f 
the glucopyranoside 36 followed by base treatment. Following the successful selective 2 -0 - 
tosylation o f silylated P-cyclodextrin 96, a similar procedure was applied to the 
glucopyranoside 36, which was stirred with a 3 fold molar excess o f para-toluenesulphonyl 
chloride in pyridine catalysed by DMAP for 24 hr. at 0 °C to room temperature. The product
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was a mixture o f mono- 108 and ditosyl- benzylidene glucosides 189 with Rf 0.3 and 0.5 
respectively. Epoxidation o f that mixture was tried with sodium hydride in dry THF for 2 
days at room temperature, but after that time *H NMR spectrum showed no conversion. 
However when these processes were conducted with 1 equivalent o f /?tfra-toluenesulphonyl 
chloride, a crude reaction mixture o f  diol 36 and monotosylate 108 were obtained after 5 h. 
stirring at 0 °C to room temperature and heating at 50 °C overnight.
With the anticipation that the epoxide 109 would be easier to separate from the diol 36 than 
the monotosyl derivative 108, the reaction mixture was treated with potassium terr-butoxide 
in dry THF at 0 °C to room temperature for 4 days. About 5 - 1 0  mole % potassium tert- 
butoxide was added during that time. The epoxide 109 was easily separated from crude 
product by column chromatography using a solvent gradient o f chloroform to ethyl acetate, 
but in very low yield (4 %). In order to increase the yield o f epoxide 109, the mixture was 
treated with polyethylene glycol in benzene and stirred under reflux with saturated sodium hy­
droxide148 for 18 hours. Column chromatography, using chloroform as eluent gave 2,3- 
anhydro-4,6-Obenzylidene-methyl-a-D-mannopyranoside 109 in 75 %, which was fully 
characterized by 1H-, DEPT-, V  !H-13C- and V  ]H-13C- COSY NMR experiments and mass 
spectrometry.
Scheme. A PC Model 8 molecular model o f  2,3-anhydro-4,6-0-benzylidene-a-methyl-D- 
mannopyranoside 109. The carbons are blue, the oxygens red, and the hydrogen atoms are grey.
In the NMR spectrum C-7/H-7 and C-l/H-1 were assigned based on unambiguous shifts from 
a V  !H-13C COSY NMR experiment (SH 5.39, 8C 102.5), (8H 4.81, 6C 96.9) respectively and 
similarly C-6 is the only methylene and was identified from the 13C DEPT experiment. The V  
'H -1^  COSY NMR then gave H-6a (8H 4.23, dd J  10.3, 4.6 Hz) and H-6b (5H 3.60, app. t J  
10.3 Hz). These are assigned as equatorial and axial respectively based on the lesser chemical 
shift o f  axial protons relative to equatorial protons and the large value o f Vs,6 for the latter 
which can only be due to a Vox.ax coupling. The V  'H -13C COSY NM R experiment showed a
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3 1 13strong correlation from H-6a to C-4. J  H- C coupling constants follow a Karplus-like curve 
relationship; from molecular models the dihedral angle W-6 eq, C-6, C-5, C-4 is 174° whereas 
the corresponding angle for H-6o* is 63° and hence these should give strong and weak 
correlations respectively. The two highest field protons signals were assigned to H-2 and H-3 
(epoxides) based on shifts and coupling constants (8h 3.05, 3 .4 4 ,3J 2,3 3.6 Hz). In a 3J  ]H -13C 
COSY NMR experiment, H -l showed a stronger correlation to the higher shift signal than the 
lower one, hence this was assigned to H-3 (5h 3.44, 5c 53.87) rather than H-2 (5h 3.05, 5c 
50.58). The only other possible Jc,h correlation o f H-l is to C-5.
4.2.3. Nucleophilic ring opening of epoxides
The interactions between electrophiles such as epoxides with nucleophiles containing sulfur 
atoms was intended to include, 4-/er/-butylbenzylthiol, thiourea and L-cysteine to synthesise 
altro-sugars from the gluco starting material.
4.2.3.1. 4-te/t-Butylbenzylthiol
4.2.3.1.1. Model studies of 2,3-anhydro-4,6-0-benzylidene-methyl-a-D-mannopyranoside 
109 with 4-terf-butylbenzyIthiol
Initially 2,3-anhydro-4,6-0-benzylidene-methyl-a-D-mannopyranoside 109 was treated with
1.1 equivalent o f 4-/er/-butylbenzylthiol in methanol and 1.1 equivalent o f sodium methoxide 
(25-30 % solution in methanol) and stirred at room temperature for 29 hr, but only starting 
material was recovered in 70 % yield. Therefore the reaction was repeated again using 1.2 
equivalent o f 4-tert-butylbenzylthiol and 1.1 equivalent o f sodium methoxide (powder) in 
methanol and stirred at room temperature for 1 day and then refluxed for 3 days. The reaction 
mixture was monitored by TLC, and more reagent (2 equiv.) was added to promote the 
reaction. A base-acid workup followed by purification, provided the expected product (3- 
deoxy-3-(4'-terr-butylbenzylthiol)-4,6-0-benzylidene-methyl-a-D-altropyranoside) 190 in 30 
% yield but unreacted starting material 109 was recovered in 46 % yield.
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p-'BuC6H4CH2SH
NaOCH3, CH3OH
Schem e. Preparation o f  3-deoxy-3-(4'-ter/-butylbenzylthiol)-4,6-0-benzylidene-methyl-a-D-altro- 
pyranoside 190.
N M R  analysis o f 3-deoxy-3-(4 '-te/f-butylbenzylthiol)-4,6-0-benzylidene-m ethyl-a-D - 
a ltropy ranoside  190
The altropyranoside 190 was identified by *H, 13C-DEPT, HSQC and HMBC NM R 
techniques rooted on the unambiguous shifts for C -l, C-7 (5c 100.9, 102.2 respectively) in 
1Jq h  correlations with H -l, and H-7 ( 5 h  4.39, 5.54 respectively). The two methylene groups 
found in a I3C-DEPT experiment were distinguished by 3J c ,h  correlation and the protons 
assigned from lJ  ]H -13C correlations. The only proton which can display a multiplet more 
complex than a doublet o f doublets in the ]H NM R spectrum is H-5 due to coupling with 2H- 
6 and H-4, hence C-5 was identified by lJ  !H -13C correlation. H -l also showed a strong 
correlation with C-3 which was again confirmed by the dihedral angle values calculated by 
molecular model (179.5). The only remaining protons and carbons are in positions 2 and 4. 
The ]H NM R spectrum showed a doublet o f doublet signal with coupling constants o f  9.26,
4.01 which was as expected for H-4, but which could not be H-2, which is only involved in 
V -H ^H e^ couplings. Hence all the protons were assigned from the ]J  ’H -13C COSY NM R 
experiment. The position o f  the sulfide at C-3 and hydroxyl group at C-2 were confirmed by 
appearance o f  the H-2 signal (5 circa 3.95) at lower field than H-3 (5 3.40) due to the more 
electrophilic OH group on C-2 than sulfur atom on C-3. The coupling constants for H-3 (dd, J
3.3, 2.4 Hz) and the absence o f  an appreciable 3J H -l, H-2 coupling is consistant with the 4C 1 
conformation which is enforced by the trans-ring fusion, despite the presence o f  three axial 
substituents. However it is not possible to exclude a partial skewing o f  the pyran oxygen and 
carbons -1 ,-2  and -3. High resolution mass spectrometry (ES*) provided a protonated (M+H*) 
ion at m/z 445.2038.
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Table 25. Dihedral angles (C-C-C-H) used for estimating J H,c o f altropyranoside 190 calculated using 
PC-Model.
e ° ,y C-l C-2 C-3 C-4 C-5 C-6 C -l C-l 2 C-OMe
H-l 179.5 177.4 1.7
H-2 119.4
H-3 179.6 179.5 37.8
H-4 66.7 22.8 16.7
H-5 65.6 65.1
H-6ox 111.3 1.6
H-6eo 126.1 168.6
H-7 33.9 1.7
H-l 2a 19.3
H-l 2b 21.4
Scheme. A molecular model of 3-deoxy-3-(4'-tert-butylbenzylthiol)-4,6-(9-benzylidene-methyl-a-D- 
altropyranoside 190 produced using PC Model 8 and rendered using Pov-Ray. Bond widths are set to 
the radius o f hydrogen.
Table 26. Comparison of observed and calculated (PC-Model) J h ,h  NMR coupling constants
for altropyranoside 190.
Coupling Constant (Hz) 1,2 2,3 3,4 4,5 5,6efl 5,6 ax
Calculated 2.4 2.3 5.3 9.4 6.1 10.6
Observed 0 2.4 4.0 9.3 5.2 10.3
Difference 2.4 0.1 1.7 0.1 0.9 0.3
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4.2.3.I.2. Heptakis(2,3-anhydro-6-0-r-butyldimethylsilyl)-p-cyclomannin 117 and 4-tert- 
butylbenzylthiol
Heptakis(6-0-r-butyldimethylsilyl)-P-cyclodextrin 96 was tosylated selectively at the 2-0  
positions according to the procedure o f Coleman104 using /rara-toluenesulfonyl chloride (3 
equivalents per silylated glucopyranose unit) in pyridine in the presence o f 4- 
dimethylaminopyridine (DMAP) as a catalyst for 24 hr at 50 °C. H eptakis(2-0-tosy l-6-0  
tertbutyldimethylsilyl)-|3-cyclodextrin 112 was purified by column chromatography using a 
solvent gradient o f chloroform to ethanol but in low yield (4.7% yield). Further material was 
recovered from the column and recolumned using a less polar eluent; chloroform and ethyl 
acetate, which increased the yield to 62 %. Subsequent treatment o f the tosylated p- 
cyclodextrin 112 with sodium hydride in THF stirring for 29 hr. at room temprature gave 
heptakis(2,3-anhydro)-p-cyclomannin 117 in 82 % yield. Comparison o f *H- and 13C-NMR 
spectroscopic data o f  the intermediates 96, 112 and the product 117 with literature data 
confirmed the assigned structures105.
OSifBuMe;
p-TsCI, DMAP, 
pyridine NaH, THFHO HO
24 hr., 50°C 29 hr., r.t.HO OTs
7 96 7 112 7 1 1 7
Scheme: Synthesis of heptakis(2,3-anhydro-6-<9-r-butyldimethylsilyl)-P-cyclomannin 117
Having achieved successful results from the initial model work on 2,3-anhydro-4,6-0- 
benzylidene-a-methyl-D-mannopyranoside 109, the same methodology was applied to a 
cyclodextrin epoxide. Heptakis(2,3-anhydro)-p-cyclomannin 117 was refluxed for 7 days with 
a 35 fold molar excess o f 4-tert-butylbenzylthiol (5 equiv. per glucose ring), and sodium 
methoxide (31.5 equiv.) in methanol. The reaction mixture was monitored by TLC which 
indicated a complex mixture and this was confirmed by the 'H-NMR spectrum o f the crude 
reaction mixture. Purification o f those materials resulted in recovery o f epoxide 117 and 4- 
ter/-butylbenzylthiol in a ratio o f 1.0:1.5 as major components and a minor compound which 
could not be identified.
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As a consequence o f  these results, the reaction was run with a lower concentration o f  epoxide 
117 but a higher concentration o f reagent and base. Therefore double equivalents o f  the 
reagent, as well as base were used in methanol and the sulfide 191 was successfully formed in 
good yield after only 2 days reflux. Purification o f  crude reaction mixture by column 
chromatography using a slow gradient of chloroform to ethyl acetate gave heptakis(3-deoxy- 
3-(4'-ter/-butylbenzylthiol)-6-0-teA7-butyldimethylsilyl)-P-cycloaltrin 191 in 75% yield.
OH
Altro, 1Ci
191
,OSifBuMe; 
OH
Altro, 4Ct
Scheme. The equilibrium between the 4Ci and *C4 conformers of heptakis(3-deoxy-3-(4'-tert- 
butylbenzylthiol)-6-0-terf-butyldimethylsilyl)-p-cycloaltrin 191 and a molecular model o f a 4 - 0  
methyl-methyl-a-D-altropyranoside analogue of the !C4 conformer created using PC Model 8 and 
Pov-Ray.
NMR analysis of heptakis(3-deoxy-3-(4'-te/7-butyIbenzyIthiol)-6-Ote/7-butyldimethyl- 
silyl)-|3-cycloaltrin 191
,4/rro-cyclodextrins undergo equilibrium interconversion between 4Ci and XC\ conformers, 
Therefore an intermediate coupling constant o f approximately 4-5 Hz between H -l and H-2 
was expected. Monosaccharide analogues o f both conformers were modeled using PC-Model 
and the coupling constants measured using the modified Karplus routine in the program 
(Table 27).
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Table 27. Comparison of the observed J h ,h  NMR coupling constants of heptakis(3-deoxy-3- 
(4'-/er/-butylbenzylthiol)-6-<9-/er/-butyldimethylylsilyl)-|3-cycloaltrin 191 with those for the 
4Ci and A  conformers o f a monosaccharide model calculated using PC-Model.____________
J
A s
A -
J:
Calculated
3.4
A l
2.6
2.5
5.6
_ A _
_7.4
U.5
\ . l "
Found
6.7 
11.0
3.8
Difference 
*C, 1C4
+4.1
+8.5
- 1 .8
-0.7
-0.5
T 2.1'
The 'H-NMR spectrum o f the altropyranoside 191 showed a doublet o f 6.6 Hz at 4.90 ppm 
for H-l a doublet o f doublets signal o f 11.0, 6.7 Hz at 3.70 ppm for H-2 and a doublet o f 
doublets o f 11.0, 4.2 Hz at 3.25 ppm for the proton at C-3, due to the lower electronegativity 
o f sulfur atom than oxygen. Consequently, J\ 2 = 6.6 Hz and J 2,3 = 11 Hz which is only 
consistent with 3yax,ax coupling and hence the 1C4 conformer. This was confirmed by the signal 
for H-4 which appeared as a triplet o f 3.8 Hz, due to V-couplings with H-3 and H-5, and 
hence it cannot be in the axial position, as in the parent cyclodextrins. This set o f coupling 
constants unambigously indicates the presence o f the altro-1 C4 conformation. All coupling 
constants were in good agreement with the predicted values (Table 27). The slightly higher 
error for J 3 4 may reflect some distortion away from an ideal *C4 conformer. The overall form 
o f the cyclodextrin is predicted to be a broader cone with a ring o f aromatics groups on the 
“top” face.
Si
^\~ 1911C4
Scheme. Heptakis(3-deoxy-3-[4-/-butyl-benzyl]-6-0-r-butyldimethylsilyl)-f3-cycloaltrin 191 viewed at 
45° from the top face.
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A MALDI mass spectrum provided the [M +K+] ion at m/z 3109.5 for Ci6iH266028S7Si7K. 
Simulation o f the ion cluster shows perfect agreement with the measured value. Interestingly, 
the highest abundance peak at high resolution was calculated to be 3107.5492.
Nom inal m a ss  ab u n d a n ce  plot for C^HjeeC^sSrS^K
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4.2.3.2. L-Cysteine
4.2.3.2.I. Model studies of cyclohexane oxide with L-cysteine
A Beilstein search for the reactions o f epoxides with cysteines revealed 152 examples in 
which activated epoxides (mostly allyl epoxides) which had been opened by cysteine but only 
one report o f an non-activated epoxide; cyclohexene oxide149. Therefore we repeated this 
reaction and applied the same methodology to 2,3-anhydro-4,6-(9-benzylidene-methyl-a-D- 
mannopyranoside 109 as a model o f heptakis(2,3-anhydro)-(3-cyclomannin 117 as before. 
Firstly, cyclohexane oxide 192 was treated with L-cysteine 157a in methanol at room 
temperature in the presence o f sodium methoxide (25 -  30% solution in methanol) for 24 h. 
An acid-base wash and extraction with ethyl acetate collected (±)-trans-2- 
methoxycyclohexanol 193 in 38 % yield. Unreacted L-cysteine 157a (in 60 % yield) was 
collected from the aqueous phase.
6
NaOMe
MeOH
'/OMe
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Formation o f (±)-frww-2-methoxycyclohexanol 193 during reaction was confirmed when 
cyclohexane oxide 192 was stirred at r.t. for 24 h with sodium methoxide in methanol alone. 
Purification o f the crude product using a solvent gradient o f petroleum ether to ethyl acetate 
gave (±)-7ram-2-methoxycyclohexanol 193 and (±)-rra«s-l,2-dicyclohexanol 194 in a ratio o f  
1:2 respectively. The large amount o f the diol 194 was surprising and seemingly indicates that 
the small amount o f water present in the methanol is much more nucleophilic than methanol.
NaOMe
MeOH
192 a
, U N
X/OMe 193 OH 194
Comparison o f the observed and literature150 13C-NMR shift data for (±)-trans-2- 
methoxycyclohexanol 193 showed a systematic bias toward high values. When the average 
deviation (0.57 ppm) is subtracted from the differences, the remainder is less than normally 
expected experimental error.
Table 28. ljC-chemical shift data for (±)-rr<ms-2-methoxycyclohexanol 193.
Observed Literature150 Difference Difference - 0.57
85.39 84.95 0.44 -0.13
74.15 73.51 0.64 +0.07
56.73 56.1 0.63 +0.06
32.43 32.0 0.43 -0.14
28.71 28.22 0.49 -0.08
24.53 23.8 0.73 +0.16
24.35 23.72 0.63 +0.06
Absolute averages 0.57 0.1
13C -N M R chem ical sh if t  d iffe r e n c e  p lot (O b serv ed  - L iterature) for  
tran s-2 -m  eth o x y  cy c lo h ex a n o l
0.75 Differences 
A verage differences
0.7
0.65
0.6
0.55
0.5
0.45
0.4
20 40 50 60
R e fe r e n c e  sh ift  6
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From information gleaned from the literature study, L-cysteine 157a and an excess o f 
cyclohexene oxide were reacted in water at room temperature over 4 days. The solution was 
extracted with ether and the aqueous evaporated to give the diastereomeric adducts 195, 196 
in 52 % yield. These result from attack of prochiral cyclohexane oxide 192 at the two possible 
sites.
The 'H-NMR spectrum o f rra«s-l-(2-amino-2-carbonylethylthio)-2-cyclohexanol 195, 196 
showed a characteristic signal for each proton but assignment of the spectrum was very 
difficult because o f overlapping signals, thus making it difficult to calculate coupling
signals were found for H-8 (8 3.25, dd, J  7.0, 4.9 Hz) which was overlapped with H-2, H-7a 
(6 2.77, ddd, J  13.2, 8.1, 5.1 Hz,) and H-7b (5 2.65, td, J  13.7, 7.0 Hz). In the 13C-NMR 
spectrum each signal appeared as a pair. IR spectroscopy indicated the presence o f  a medium, 
broad NH3+ stretch at 2081 cm' 1 and carboxylate anion at 1608 cm '1. HRMS (ES*) provided 
the protonated (M+H+) ion at m/z 220.1002.
To facilitate purification the amino group was reacted with 1.1 equivalents o f benzyl 4- 
nitrophenyl carbonate151 197 in the presence o f jV-ethyldiisopropylamine (Hiinigs base) in 
ethanol, at room temperature for 3 days under nitrogen. Acid work up and purification by 
column chromatography using a solvent gradient of petroleum ether to diethyl ether gave the 
desired product 198 as a white powder (53 % yield), plus the by-product benzyl ethyl 
carbonate 199 (40 % yield). The formation o f the carbonate was unexpected, because the 
reagent is normally purified by crystallisation from hot ethanol.
Nu = L-cysteine
196
©NH3 (1R,2R,8R)
1 9 5
(1S.2S.8f?)
constants. The cysteinyl moiety had clearly been incorporated into the product; ]H-NMR
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(R)^ CO2
5
4 OH
EtN'Pr2, EtOH, rt, 3d
OH 1 95 , 19 6  mixture of 
diastereoisomers
1 9 8
53 % yield
1 9 9
40 % yield
4.2.3.2.2. 2,3-Anhydro-4,6-0-benzylidene-methyl-a-D-mannopyranoside and L-cysteine
When 2,3-anhydro-4,6-Obenzylidene-methyl-a-D-mannopyranoside 109 was dissolved in 
ethanol, a white precipitate was formed that could not be completely dissolved even with 
warming or sonicating. Addition o f a solution o f cysteine (5 equivalents) in 4 ml H2O, and 
reflux for 3 d., yielded only starting material and cysteine. Therefore the reaction was 
repeated again using potassium /ert-butoxide (4 equivalents) as base and refluxed for 18 hr. A 
'H-NMR spectrum o f the precipitates showed formation o f the cysteinyl allopyranoside 
adduct 200 in 42 % yield with no further purification needed. The spectrum showed a singlet 
at 4.60 ppm for H -l, and a small doublet o f 1.5 Hz at 4.10 ppm for H-2 indicating an 
equatorial-equatorial coupling with H -l. At 3.32 ppm, a doublet o f doublets signal appeared 
with coupling constants o f 3.7 and 2.5 Hz for H-3. The proton at C-4 appeared at 4.51 ppm as 
a doublet o f doublets o f 9.6, 4.2 Hz. The two geminal protons at C-l 2 position were displayed 
as two sets o f doublet o f doublets at 2.98, 2.85 ppm.
HS
CO-
157a
OMe 109
OH
11
S OMe 2 0 012
The two sets o f methylene groups at C-6 and C-l 2 were simply distinguished in a l3C-DEPT 
NMR spectrum by appearance o f an upfield signal at 40.3 ppm belongs to C - l2 due to its 
attachment to the sulfur atom. The carboxylate carbon (C-14) showed a signal at 180.8 ppm,
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hence the structure was assigned and confirmed using lJ  'H -^C  and V  !H -13C correlations 
experiments. From the coupling constants indicated the presence o f  the altro-AC\ 
conformation as shown in the above diagram and proved that thio group o f cysteine had added 
to the C-3 o f epoxide to give cysteinyl allopyranoside adduct 200.
4.2.3.2.3. Heptakis(2,3-anhydro-6-0-/-butyldimethylsilyl)-P-cyclomannin and L-cysteine
In view o f the result from the preliminary study, a solution o f heptakis(2,3-anhydro-6-0-/- 
butyldimethylsilyl)-P-cyclomannin 117 in ethanol was refluxed with cysteine and potassium 
ter/-butoxide, for three days under nitrogen. But only starting material was recovered from the 
organic layer. A 'H-NMR spectrum o f the crude mixture from the aqueous phase indicated 
cleavage o f silyl groups due to the presence o f water in the reaction mixture and a 
complicated mixture that could not be identified. A conclusion o f these studies is that this 
methodology was not applicable to heptakis(2,3-anhydro)-(3-cyclomannin 117, as had been 
hoped at the outset.
4.3. The synthesis of cyclomannins by epoxide elimination-dihydroxylations
4.3.1. Introduction
The earlier work has described some methods for the synthesis o f novel cyclodextrins 
including manno-Qpoxide ring opening with nucleophiles to give cyclodextrins with altro- 
stereochemistry rather than gluco (Section 5.2.4.1.2) and also attempts to cleave the glucose 
ring. In this regard, two new methods were developed and worked well with the model 
(Section 5.3.1). We then focused on synthesis o f cyclodextrins consisting o f mannose sugar 
units (cyclomannins) which were unknown at the outset o f our work. Therefore an alternative 
approach would be deoxygenation o f manno-epoxide 117 to produce alkene 201 and then 
dihydroxylation using osmium tetroxide (OSO4) and A-methylmorpholine-A-oxide (NMO) 
give cyclomannin 202. A similar scheme was reported in the literature after we completed our 
experimental work138.
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OSi'BuMe
NH2
7 117 7 201
OSi'BuMe2
HO
J 7  202
Scheme. Proposed approach for the synthesis of cyclomannin 202 
4.3.2. Model studies
4.3.2.1. Elimination reactions o f model epoxides with thiourea
Both 2,3-anhydro-|3-cyclomanin 136 and -allin were reported to react with excess thiourea in
• 1 9 7DMF to form the alkene 173 as the predominant product . Hence the utility o f  this 
procedure was first tested with the monosaccharide model by refluxing a solution o f  2,3- 
anhydro-4,6-Obenzylidene-a-methyl-D-mannopyranoside 109 in ethanol with a 10 fold 
molar excess o f thiourea for 18 h. under nitrogen. After that time, 'H NM R spectroscopy o f 
the crude product showed two signals with chemical shifts 6.08 o f  5.67 ppm which appeared 
as doublets with a coupling constant (A/2,3 10.5 Hz), expected for alkene protons. Purification 
by column chromatography gave 4,6-0-benzylidene-2,3-dideoxy-methyl-oc-D-gluco-hex-2- 
enopyranoside 203 in moderate yield (51 %). Comparison o f the 'H- and b C-NM R data for 
the alkene 203 with the data for the alkene obtained by reaction o f  4,6-<9-benzylidene-methyl- 
a-D-glucopyranoside 36 with triphenylphosphine, imidazole and iodine in refluxing
1 c9
toluene , confirmed the structure.
OMe 2 0 3
4.3.2.2. The reaction of heptakis(2,3-anhydro-6-0-/-butyldim ethysilyl)-p-cyclom annin  
with thiourea
The highly facile one-pot synthesis o f mono alkene 203 using thiourea was successful, thus 
heptakis(2,3-anhydro-6-0-/-butyldimethysilyl)-p-cyclomannin 117 was heated in DMF at 80
EtOH, 18hr„ 80°C 
109
Ph3P, l2
Imidazole, Toluene
OMe 36
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°C for 2 d. and then 100 °C for 1.5 d. with an excess o f  thiourea (10 equiv. per epoxide). TLC 
o f the crude product showed many components. The 'H-NM R spectrum o f that mixture 
indicated silyl alkyl groups in the right positions and correct relative integration and also H-l 
appeared as a singlet at 5 5.10 ppm. The integration o f the rest o f spectrum showed more 
signals than expected. The number o f carbons seen in the ljC-NMR spectrum was again more 
than expected, presumably due to incomplete reaction. The reaction was repeated under the 
same reaction conditions except with the addition o f 10% w/w H20/D M F in order to remove 
urea from the reaction, the reaction time was prolonged to 10 d., unfortunately a very 
complicated reaction mixture was formed again that could not be identified.
7 205
Scheme. Proposed mechanism for the synthesis o f  heptakis(2,3-deoxy-2,3-dehydro)-P-cyclodextrin 
201.
4.4. Proposed synthesis of a new cyclodextrin by cyanoethylation
4.4.1. Introduction
Another interesting methodology for the synthesis o f functionalised cyclodextrins would be 
the addition o f a-cyclodextrins 92 to acrylonitrile via Michael type reactions to yield 
cyanoethyl ethers o f a-cyclodextrin 207 as important intermediates in the synthesis o f  novel 
cyclodextrin derivatives. Hydrolysis o f the nitrile 207 would give the corresponding 
carboxylic acid derivative 208 whereas reduction would yield the amine 209. From mixing 
the carboxylic acid 208 and the amine 209 an interesting salt will result.
OSi(BuMe;
OH
,OSi'BuMe;
OH
OSi'BuMe-
OSi'BuMe; OSi'BuMe-
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HO RO
ROHO HO
v NC NC 
ON
HOOH
^  CN
/ \  / CN < V  CNii) Acrylonitrile, DBUHOOH
OR 0
OH OROH
OROH 92  a-Cyclodextrin
These two compounds should form salts which associate face to face. However in the event 
that one route is unsuccessful, we could use other poly-ammonium 210 or carboxylate species 
211 as a lid. Consequently, this work requires a-cyclodextrin derivatives, because although it 
is possible to obtain compounds such as benzene hexacarboxylic acid 211, which could act as 
ligands, the corresponding compounds with seven groups are much more difficult to access.
,OSi'BuMe; OSi'BuMe-
4.4.2. Cyanoethylation of the model diol; 4,6-0-benzylidene-a-m ethyl-D -glucopyranoside
As a model for cyclodextrins, the diol 36 was used to prepare methyl 4,6-O benzylidene-2,3- 
di-0-(cyanoethyl)-methyl-a-D-glucopyranoside 212, using M cGeary’s methodology for the 
synthesis of glucose- and galactose-based monosaccharides153. The diol 36 was initially 
treated with acrylonitrile and l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as a base in 
acetonitrile and stirred at room temperature for 2 d. to give the di-(cyanoethyl ether) glucoside
212 .
HO
HO
OMe 36
HO
NC'
OMeOMe
2 1 2  NCNC
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However cyanoethylation o f diol 36 with 10 molar excess o f  acrylonitrile in the presence o f 
0.4 equivalents o f  DBU gave a mixture o f mono- and di-cyanoethyl derivatives 213, 212 with 
Rf 0.3, 0.5 respectively in chloroform and ethyl acetate (50:50). Purification o f  the crude 
mixture by column chromatography using a solvent gradient o f chloroform and ethyl acetate 
gave the desired di-cyanoethyl derivative 212 as white powder in 28 % yield. A larger amount 
o f the side-product mono-cyanoethyl derivative 213 was isolated in 45% yield. The same 
reaction with 20 equivalents o f acrylonitrile and 0.8 equivalents o f DBU, increased the yield 
o f 212 to 54 %. These compounds were successfully characterized by 'H , DEPT, J  'H -’H, jJ  
'H -i3C COSY NMR experiment spectroscopy and also mass spectra. A C-N triple bond 
stretch at 2250 cm' 1 was observed in the 1R spectrum o f the dinitrile 212 and the mononitrile
213.
NM R analysis of 4 ,6-0-benzylidene-2-0-(cyanoethyl)-m ethyl-a-D -glucopyranoside 213
Assignment o f the cyanoethyl group to the 2-0-  or 3-O-positions required careful assignment 
o f the NMR signals for C-2/C-3 and H-2/H-3. The assignments o f H-2 and H-3 were based on 
correlations originating from the unambiguous shifts o f C -l /H -l from the lJ  l3C -'H  COSY 
NM R experiment (5c 97.8, 5h 4.8, J  3.6). C-8 was assigned from a ljC DEPT experiment and 
2H-8 from the couplings, which distinguished these signals from C-6/2H-6. The 3J  'H - ljC 
COSY NMR experiment showed correlations from H-8 to C-2 and also to CN. Hence the 
cyanoethyl group should be on C-2. It is generally observed that the hydroxyl group at C-2 is 
more reactive than that at C-3, because it is slightly more acidic.
Ph
HO
OMe 2 13
Scheme. A molecular model o f 4,6-0-benzylidene-2-0-(cyanoethyl)-methyl-a-D-glucopyranoside 
213 produced using PC Model 8 .
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In order to optimise the reaction condition o f the cyanoethylation, the reaction was repeated 
again by using more acrylonitrile and DBU (20, 8 equivalents respectively) and the reaction 
mixture was left to stir at room temperature for 3 d. At that time, only di-cyano derivative 212 
was produced in 54 % yield. However when the reaction was conducted in THF and stirred at 
room temperature for 2 or 5 days in the presence o f 4 equivalents potassium ter/-butoxide, 
starting material 36 and mono-cyanoether derivative 213 were produced. When the more 
polar solvent, DMF was used and the reaction heated at 50 °C for 2 days, a mixture o f  mono- 
and di-derivatives 213, 212 was formed in a ratio o f 1:1 and surprisingly only starting 
material 36 was recovered when DMSO was used as solvent. The results are summarised in 
Table 29.
Table 29. Optimization o f the cyanoethylation o f methyl 4,6-0-benzylidene-methyl-a-D- 
glucopyranoside 36.
Entry Base Equiv. 
o f  base
Solvent Reaction time product Ratio
1. DBU 0.4 c h 3c n 2 d., r.t. SM 36 mono 144 di 145 0.5: 2.5, 7
2 . DBU 8 c h 3c n 3d., r.t. mono 144 di 145 1:9
3. KO'Bu 4 THF 2 d., r.t. SM 36
4. KO'Bu 4 THF 5d., r.t. mono 144
5. KO'Bu 8 DMF 2d., 50°C mono 144 di 145 1 : 1
6 . KO'Bu 8 DMSO 2d., 50°C SM 36
4.4.3. C yanoethylation of hexakis(6-0-te/7-butyldim ethylsilyl)-a-cyclodextrin
Due to the large number o f  hydroxyl groups (eighteen on a-cyclodextrin 92) selective 
modification o f these groups can be difficult. Therefore protection o f the primary hydroxyl 
groups o f a-cyclodextrin 92 were initially carried out using same method which was applied 
to the |3-cyclodextrin 94 (Section 4.1.3.1.)103. A solution o f a-cyclodextrin 92 in dry pyridine 
was added to a solution o f /erf-butyldimethylsilyl chloride in dry pyridine at 0°C, and stirred 
for 24 hours at room temperature. Purification by column chromatography using a solvent 
gradient o f chloroform to ethanol yielded hexakis(6-0 -ter/-butyldimethylsilyl)-a-cyclodextrin 
110 in 36 % yield.
'BuMe2SiCI
Pyridine 
J  6 92 a-Cyclodextrin
HO
HO
6 110
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Application o f  the acrylonitrile method to the silyl ether 110 in the presence o f DBU in 
acetonitrile was investigated. To a solution o f the silyl ether 110 in acetonitrile, was added 
DBU (1.0 equiv. per glucose ring) and acrylonitrile (30 equiv. per glucose ring) which were 
stirred at r.t. for 2 d. and then refluxed for 1 d. (Entry 2). At that time 'H-NMR spectra o f the 
crude reaction mixture showed a mixture which was confirmed by TLC (chloroform:ethanol, 
80:20) as having many components. Purification o f the crude mixture was attempted first 
using a solvent gradient o f dichloromethane to ethanol and then for a second time petroleum 
ether as a less polar solvent was used. But ’H-NMR spectra of the fractions indicated an 
ambiguous mixture presumably due to an uncompleted reaction. Hence this reaction was 
repeated with different amounts o f  base and reagent and various reaction times, nevertheless a 
complex mixture was formed each time (Table 30).
Table 30. Optimization o f the cyanoethylation of hexakis(6-(9-r-butyldimethylsilyl)-a-cyclodextrin 
110.
Entry DBU, equiv. Acrylonitrile, equiv. Solvent Reaction time
1. 0.9 20 CH3CN 3d., r.t.
2. 1 30 CH3CN 2d., r.t.; Id., reflux
3. 0.4 100 CH3CN 5d., r.t
4. 0.4 100 THF 4d., r.t.; 4d., reflux
5. 18 83 neat Id., 45°C
4.4.4. Allylation, and olefin metathesis or ozonolysis o f glucopyranosides
It has been reported that selective cross-metathesis reactions between pent-4-en-l-ol and a 
range o f  terminal alkenes bearing cyano-groups proceeds in good yield. Acrylonitrile has a 
low tendency to undergo self-metathesis and hence cross-metathesis with alkenes such as 
pent-4-en-l-ol is a useful way to achieve homologation (215) under mild conditions. 
Reduction o f the nitrile with diisobutyl aluminum hydride (DIBAH) and protection gave the 
amine 216l>4.
OH OH OH
N H B oc 2 1 6
3 5  -7 4  % yield, E/Z 1 :2 -2 .5
Scheme. Reaction conditions: i) Ru complex 223 (5 mol%), CH2CI2, N2, reflux, 2h., ii) DIBAH, 
Boc20 , NaBH4 in MeOH, N aH C03, rt., 18h154.
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Application o f  this procedure to per(O-allyl-ethers) o f  cyclodextrin would give a product 
similar to that o f  cyanoethylation. Accordingly, we set out to investigate a new cross 
metathesis process for the synthesis o f a nitrile cyclodextrin that avoided use o f a base 
catalyst. To examine if  the one-step three-component reaction was possible with allyl 
compounds a model was studied. 2,3-Di-0-allyl-4,6-0-benzylidene-methyl-a-D-gluco- 
pyranoside 217 was prepared via an Sn2 replacement by treatment o f diol 36 with allyl 
bromide and potassium ter/-butoxide in THF, under nitrogen for 28 h at room temperature, in 
90 % yield as the sole product. The product was confirmed by 'H  NMR spectroscopy showing 
the presence o f the 11-H and 14-H acyclic vinylic protons resonance as ddt, at 5.97, 6.08 ppm 
respectively. IR spectroscopy indicated the presence o f an alkene stretch at 1646 cm '1.
A mixture o f Grubbs catalyst 223 (5 mol%), acrylonitrile (4 equiv.) and diallyl 
glucopyranoside 217 (0.07 M) were re fluxed in distilled dichloromethane under nitrogen and 
the reaction progress was monitored by TLC. After 2 days starting material was identified 
from the crude reaction mixture.
4.5. Extension of the height o f (3-cyclodextrin
4.5.1. Introduction
In order to increase the compatibility between host (CD’s) and guest (non-polar compounds), 
our intention was drawn to extend the length o f the cyclodextrin cavity on the secondary face. 
The method chosen was ozonolysis o f  heptakis(Oallyl)-p-cyclodextrin 219 and then 
reduction with sodium borohydride to convert all the carbonyl groups to hydroxyl 220.
2 2 3  Grubb's 2nd generation catalyst
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i) 0 3, CH3OH
2 1 9 HO 7 220
4.5.1.1. Ozonolysis o f the model alkene; 2,3-di-0-allyl-4,6-0-benzylidene-a-methyl-D- 
glucopyranoside
In order to examine the viability o f  the proposed ozonolysis method, 2,3-di-O allyl-4,6-0- 
benzylidene-a-methyl-D-glucopyranoside 217 was used as a model. A solution o f the 
diallylated glucopyranoside 217 in methanol was ozonolysed for 6 h., which was followed by 
addition o f dimethyl sulfide. Sodium borohydride reduction, an acid workup and subsequent 
purification on silica eluting with chloroform and ethanol generated the diol 221 in 85 % 
yield. This product was identified by 1 H-NMR spectroscopic analysis that showed the absence 
o f allyl protons at 6.08 and 5.97 ppm. An O-H stretch at 3417 cm' 1 was observed in the IR 
spectrum and high resolution mass spectroscopy (ES*) provided the (M + N H ^) ion at m/z 
388.1966.
9
10
11
HO-
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4.5.I.2. Ozonolysis of heptakis(2,3-di-0-allyl-6-0-f-butyldimethylsiIyl)-P-cyclodextrin
Having developed the ozonolysis methodology for the preparation o f diol 221 from 
diallylated glucopyranoside 217, the synthetic approach towards tetradecakis(hydroxyl)-(3- 
cyclodextrin 220 from the tetradecakis(0-allyl)-derivative 219 began. The allylated-P- 
cyclodextrin 219 was prepared in 36 % yield by using allyl bromide and sodium hydride in 
DMF (Section 4.6.3.2.1.).
A solution o f 219 in methanol was then treated with ozone for 8 h., dimethyl sulfide added 
and subsequently reduced with sodium borohydride overnight. ’H-NMR spectrum o f the
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crude product after an acid workup, showed that silyl and dimethyl groups were in the right 
position (8h 0.85, 0.00), had correct integration, and also showed the disappearance o f vinylic 
proton resonances at 6.03-5.92 ppm. TLC o f those materials confirmed consumption of 
starting materials but a large number o f  spots were found and the no products were isolable.
4.6. Ring Closing Metathesis (RCM)
4.6.1. Introduction
The ring closing olefin metathesis (RCM) employing the Grubb’s catalyst has become an 
efficient tool in organic synthesis for constructing various sizes o f cyclic compounds over the 
past decade140. RCM has been applied to a wide range o f molecules containing ether, ester, 
amide and/or amine functionalities employing the first- and second-generation olefin 
metathesis catalysts 222, 223 respectively155. There has been a single example o f the 
application o f RCM to cyclodextrins, which was reported after I finished my experimental 
work. This report described the formation o f a single ring from a 6A,6D-di-0-allyl-a- 
cyclodextrin156.
Grubbs second generation catalyst 223 is a more active analog o f the first generation Grubbs 
catalyst for ring closing metathesis. It ring closes olefins with excellent functional group 
tolerance and selectivity. Hence we have chosen this catalyst in our work.
4.6.2. Proposed synthesis of “cyclo-octyl-homo”-P-cyclodextrin 225
The per-silylated derivatives o f  CD can be prepared in only one step as explained in section 
(4.1.3.1.) rather than the multi-step procedure required for the synthesis o f per-epoxidised 
cyclodextrins 117 (Section 4.2.2.). The epoxy-cyclodextrins and the thiiranes described 
previously are the only cyclodextrin derivatives known with new fused  rings. Therefore our 
attention was drawn to apply the ring closing metathesis reactions o f the (3-cyclodextrin 94. 
The RCM precursor is heptakis(2,3-di-0-allyl-6-0-tert-butyldimethylsilyl)-(3-cyclodextrin
PCy3 H
PCy3 : tricyclohexylphosphine
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219, which upon olefin metathesis would produce the cyclic olefin derivatives 224 within the 
cyclodextrin bucket. Syrc-dihydroxylation with osmium tetroxide followed by desilylation 
using tetrabutylammonium fluoride would give cyclo-octyl-homo-(3-cyclodextrin 225 as an 
interesting novel CD with seven 8-membered rings on the top face.
o o-
a fBuMe2SiCI, DMF, Imd. o'
9 4  p-Cyclodextrin
b NaH, allyl bromide
— Si
Olefin metathesis
219
HO-
>o"0'' /  'OHO' HO 0,„
a OsO,
HO
HO HO
OH OH
2 2 5  ”Cyclo-octyl-homo"-p-cyclodextrin 2 2 4
Scheme. Proposed synthesis of “cyclo-octyl-homo”-P-cyclodextrin 225.
4.6.3. Ring closing metathesis
4.6.3.I. Model studies: Ring closing metathesis of 2,3-di-O-allyl-methyl-a-D-gluco- 
pyranosides 217,229
RCM was first carried out on the 2,3-di-0-allyl-4,6-(9-benzylidene-methyl-a-D-gluco- 
pyranoside 217 in dichloromethane with 20 mol % of the second generation Grubbs catalyst 
223 under nitrogen at room temperature for 3 days, but after that time no expected product 
was formed. !H-NMR spectrum o f reaction o f di-allyl-pyranoside 217 with 13 mol % and
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0.15 mol % o f the same catalyst in dichloromethane and refluxing for six days showed minor 
conversion and low amount o f materials were recovered.
Therefore an NMR monitoring reaction using a lower concentration o f di-O-allyl-pyranoside 
217 (0.7 mg) in chloroform-c/ (1 ml) and catalyst 223 was began at room temperature. The 
ring closure was detected after 2.5 hrs by appearance o f a dt signal at 5.70 ppm from the 
cyclic vinylic protons at positions 13 and 14 with the ratio o f 85:15 for starting material 217 
to the product cyclo-octene 226. The 'H-NM R spectrum o f that sample, showed circa 54% 
conversion after 24 hrs, but the benzylidene group attached to C-4, C-6 was cleaved and 
benzaldehyde was observed.
To avoid hydrolysis o f  benzylidene group, another NMR monitoring cyclisation reaction of
spectrum o f that sample indicated the formation o f cyclic alkene 226 after 4 d in a ratio o f 
circa 85:15 to unreacted starting material 217. Therefore a sample of diallyl benzylidene 217 
was placed under high vacuum for 1.5 hr. and distilled dichloromethane was added under 
nitrogen. Cyclisation with 5 mol % Grubbs catalyst 223 in dichloromethane gave cyclooctene 
226 in 56 % yield after 24 hr. reflux following purification by column chromatography on 
silica. Hydrogenation o f cyclooctene 226 for 24 hr. in ethyl acetate over 10 % palladium on 
carbon, gave the tricyclic benzylidene cyclooctane 227 in 72% yield following purification on 
silica, and also the bicyclic cyclooctane 228 formed by hydrogenolysis o f the benzylidene 
group was isolated in 25 % yield. The structures o f the products 227, 228 were confirmed by 
!H, DEPT, J  ’H-’H, lJ  1H-13C and 3J  !H-13C COSY NMR data, IR spectrum and mass 
spectroscopy.
9
Grubb’s second  
generation 
catalyst 2 2 3
13
EtOAc, 24 h.
10% Pd/C
benzylidene acetal 217 was investigated but under anhydrous condition. The ^ -N M R
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NM R analysis of tricyclic benzylidene 1,4-dioxa-cyclooctane 227
The 'H-NMR spectrum o f  227 showed unambiguous shifts for H-7, H-l in a ]J  'H -i3C 
correlations with C-7, C -l (8h5.50, 4.78; 8c 101.9, 100.5 respectively). From correlations in a 
'H -'H  COSY45 experiment, H-2, 3, 4 were assigned. The two sets o f methylene groups at C- 
13, C - l4 were distinguished from the other methylene groups at C - l2, C - l5, C-6 by 
appearance o f the up-field multiplet signals in proton and carbon spectrum. Assignment o f the 
signals for the H-6a, H-6b were based in a ]J  'H -13C COSY NM R experiment (8h  4.30, 3.65, 
8c 69.2). The assignment o f  the signals for the methylene groups at C - l2, C -l 5 was difficult 
because o f signal overlapping. The side o f  the signal attributed to H-5 showed a complex 
multiplet, whereas H-12a was a doublet o f doublets (11.8, 5.1 Hz). In a 3J  'H -1jC COSY 
NMR experiment, C - l2 was distinguished from C - l5 which showed J h - i 2,c -2» ^ h - i 5,c -3 -
Cleavage o f the benzylidene group during RCM is unprecedented as far as we are aware, but 
cleavage during reduction o f  the alkene bond was unsurprising. Consequently, we turned to 
the ring closing metathesis o f  the isopropylidene acetal which is more stable toward 
hydrolysis and unaffected by hydrogenolysis.
Grubbs' catalyst 2 2 3
O CH2CI2,1d ., reflux
HO
HO
OMe 22 9
10% Pd/C
EtOAc
OMeOMe
2 3 0231
Therefore using a similar procedure the isopropylidene acetal 90a reacted with allyl bromide 
in the presence o f  potassium te/7-butoxide in THF to give the diene 229 in 85 % yield and 
without the need for column chromatography in this latter case. Successful cyclisation of 
diene 229 using 5 mol % Grubbs catalyst 223 in dichloromethane refluxed overnight, resulted 
in preparation o f 230 in 75 % yield after purification using slow gradient o f petroleum ether, 
ethyl acetate. Catalytic hydrogenation o f  the alkene 230 was carried out using 10 % palladium
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on carbon in ethyl acetate resulting in the preparation o f cyclooctane 231 after 24 hr. stirring 
at room temperature. The product was identified by ]H NMR spectroscopy showing the 
absence o f the 12-H, 13-H vinylic protons resonance at 5.64 ppm. Analysis o f the high 
resolution mass spectrum (ES+) showed the protonated MH+ at m/z 289.1647. The structures 
o f the cyclooctene 230 and cyclooctane 231 were confirmed by HSQC and HMBC NMR 
techniques.
Scheme. A molecular model of cyclooctane 231 produced using PC Model 8 and Pov-Ray. The 
carbon atoms are blue, the oxygen’s red, and the hydrogen atoms are grey.
4.6.3.2. Cyclodextrin study
4.6.3.2.I. Diallylation of heptakis(6-0-f-butyldimethylsilyl)-P-cyclodextrin 96
Having successful results from the ring closing metathesis reaction o f alkenes 217, 229 it 
subsequently decided to synthesis the per-allyl-|3-CD 219 as a RCM precursor. Therefore silyl 
ether 96 (100 mg) was treated with 10 molar excess o f allyl bromide in the presence o f 
potassium tert-butoxide (4 equiv. per glucose ring) in THF under nitrogen and stirred at room 
temperature for 3 d. but TLC showed many components in petroleum ether:ethyl acetate, 
90:10, which was confirmed by the !H-NMR spectrum showing a complex mixture. Almost 
the same result was obtained when the reaction was run again using 15 equiv. o f reagent and 6 
equiv. o f base and stirred at room temperature for 2 d. and then refluxed for 1 d. 'H-NMR 
spectrum revealed an unambiguous multiplet at 5 6.02 belonging to one o f the allyl protons at 
position 8 or 11, but the material was a mixture. Allyl iodide was used as more reactive 
reagent with potassium tert-butoxide, but after 3 days stirring in room temperature, no product 
could be isolated. However, when the more powerful base; sodium hydride was used, with 
allyl iodide and the reaction was conducted in A,A-dimethylformamide157 a 7% yield o f the 
desired product 219 was obtained.
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An improved yield o f 36% was observed when sodium hydride was added to a chilled (0°C) 
solution o f silyl p-CD 96 in dry AfJV-dimethylformamide and stirred over night, and then to 
that solution allyl bromide was added158. After one more day stirring at room temperature 
TLC eluted with petroleum etheriethyl acetate, 95:5 indicated the product 219 as the fastest 
spot. Purification o f the crude reaction mixture using a solvent gradient o f petroleum ether to 
ethyl acetate yielded heptakis(2,3-di-0-allyl-6-0-te/7-butyldimethylsilyl)-{3-cyclodextrin 219 
as a syrup. The results are summarised in Table 31.
Table 31. Different reaction condition for the synthesis o f per-ally P-CD 219.
Entry Solvent Reagent and equiv. Base and equiv. Reaction time Product
1 THF Allyl bromide, 10 KO‘Bu, 4 3d., r.t. mixture
'2 THF Allyl bromide, 15 KO‘Bu, 6 2d., r.t., ld.,68°C mixture
3 THF Allyl iodide, 10 KO‘Bu, 4 3d., r.t. mixture
4 DMF Allyl iodide, 5 NaH, 5 2d., r.t. 7%
5 DMF Allyl bromide , 18 NaH, 11 Id., 0°C, Id., r.t 36%
Allylation at position 2 and 3 was verified by data from JH, DEPT, J  'H ^H , 3J  !H-13C COSY 
NMR experiment spectroscopy. In the !H-NMR spectrum two sets o f multiplets were 
observed at 6.03, 5.92 related to allyl protons at position 11, 8 respectively. From J  ’H-1!! 
COSY NMR spectrum the correlation o f H-8 with protons at C-l, C-9 observed and also H-l 1 
with protons on C-10, 12. The methylene protons at position 10, 7 showed a 3J  correlation 
with C-2, C-3 respectively in a V  !H -13C COSY NMR experiment. A MALDI mass 
spectroscopy analysis revealed a significant peak at m/z 2534.3 (M + K+) corresponding to the 
expected molecular mass o f per-allyl-P-cyclodextrin 219.
4.6.3.2.2. Ring closing metathesis of heptakis(2,3-di-Oallyl-6-0-t-butyldimethyIsilyl)-|3- 
cyclodextrin 219
Following the preliminary study o f  RCM reactions which resulted in successful formation of 
eight-membered ring products 226, 230 from dienes 217 and 229, a solution o f the allylated
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p-cyclodextrin 219 (20 mg) and dichloromethane (2 ml) was stirred at room temperature over 
5 mol % Grubbs catalyst 223 for 2 d. and heated at 35 °C for Id. The reaction was monitored 
using TLC and 'H-NM R spectroscopy. After that time TLC indicated absence o f starting 
material, but a large number o f spots in a mixture o f petroleum and ethyl acetate (95:5). 
Therefore the RCM reaction o f  substrate 219 was attempted using several reaction conditions 
and varying the quantity o f  catalyst, solvent, temperature and also reaction time (Table 32). 
To avoid the formation o f products by intermolecular reaction (cross metathesis, CM )155, a 
solution o f alkene P-CD 219 in THF at 1 mM or 0.58 mM concentration was heated at reflux 
for 4 or 10 days in the presence o f  2-5 mol% o f catalyst 223, but again a complicated mixture 
was obtained confirmed by !H-NM R spectroscopy even after purification by column 
chromatography.
The synthesis o f radicicol, a macrocycle natural product which is an antifungal antibiotic, 
used Grubbs catalyst 223 in the ring closing metathesis reaction. When the reactions were 
performed in toluene at 110°C for a short period o f time and also at lower substrate 
concentration the monomer macrocycles were present as predominant products over the 
dimers159. Therefore in a further attempt, the reaction was conducted in refluxing toluene 
using a Dean-Stark apparatus in the presence o f 10 mol% o f the Grubbs catalyst 223, but 
again TLC indicated many spots which were impossible to separate.
Table 32. Ring closing metathesis reaction o f substrate 219 under different reaction conditions
Entry Condition Concentration, mM Catalyst, mol%
1. CH2C12, r .t , 2 d ,  35°C, 1 d. 10 5
2. THF, reflux, 4 d. 1 2
3. THF, reflux, 10 d. 0.58 2
4. Toluene, reflux, 2 d. 1 10
4.7. Conclusion and future studies:
In summary, the purpose o f the work in this thesis was to investigate the potential for the 
synthesis o f cyclodextrins with novel stereochemistry. In this regards, the study was 
exclusively focused on the reactions to modify the secondary face o f the cyclodextrins, which 
is wider and are able to accommodate a wide range o f non-polar compounds within their 
cavities, for use as supramolecular building blocks.
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Therefore, cleavage o f  the vicinal diol moieties in p-cyclodextrin (Section 4.1), allylation of 
the silylated P-cyclodextrin and subsequently ring closing metathesis (RCM) reaction (Section 
4.6), ozonolysis reaction (Section 4.5), cyanoethylation reaction (Section 4.4), and finally 
epoxide-ring opening reaction with thiourea to form alkenes (Section 4.3), and also with a 
range o f nucleophiles (Section 4.2) were investigated. The /ie/?tafo's(2,3-anhydro)-P- 
cyclomannin reacted with 4-/er/-butylbenzylthiol and gave the altro-]C4 conformation.
There are several lines o f research arising from this work which is, to investigate the guests 
for the thiol-cyclodextrin 191, using functional thiol-CD’s, and also to extend the 
cyclodextrins ring on both sides (primary and secondary).
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Chapter 5
Experimentals
5. Experimental
5.1. General
Commercially available reagents were used as received without further purification. Reactions 
were carried out under an atmosphere o f dry nitrogen. Flash chromatography was performed 
using Matrex silica 60 35-70 micron. Analytical thin layer chromatography (TLC) was carried 
out using aluminium-backed plates coated with Merck Kiesegel 60 GF254 that were visualized 
under UV light (at 254 and/or 360 nm) and/or ethanolic phosphomolybdic acid (5%) and heat 
as developing agents. Melting points were recorded on a Kofler hot stage apparatus and are 
uncorrected.
Infra-red spectra were recorded in the range 4000-600 cm' 1 on a Perkin-Elmer 1600 series FT- 
IR spectrometer either as a thin film between NaCl plates, in solution in dichloromethane or 
as a KBr disk, as indicated. Low-resolution mass spectra were recorded using a Fisons VG 
platform II spectrometer and on a Micromass Q-TOF Micro spectrometer using electrospray 
ionization (ES) unless otherwise stated. High-resolution mass spectra were obtained from 
EPSRC Mass Spectrometry Service at University College o f Wales, Swansea using the 
ionization method indicated. NM R spectra were recorded using Bruker DPX 400 instruments 
operating at 400 MHz for !H spectra and 100 MHz for 13C spectra at 25°C, or on a Bruker 
Avance 500 spectrometer operating at 500 MHz for *H and 125 MHz for 13C at 25°C. All 
chemical shifts are reported in ppm downfield from TMS. Coupling constants (J) values were 
reported in Hz. Chiral compounds were analysed using a AA-1000 Polarimeter apparatus 
using the sodium D line at the indicated temperature for [a] and are given in degree.
5.2. Analysis o f mass spectrometry abundance data for multiple isotopomers
There are numerous programs available for calculating the ratio o f isotopomers derived from 
a single molecular formulae, such the analytical data window in ChemDraw and HiMass 
(written by D. R. Kelly). However as far as I am aware there are no programs available for the 
calculating the ion cluster pattern for mixtures o f  isotopomers.
The current program (8_Iso_15P) is based on an earlier program developed for the analysis o f 
mixtures o f the three protonated/deuterated isotopomers o f dichloromethane160. The program 
is written in Microsoft Visual Basic 3.0 using the Skeleton environment, which consists o f a 
standard form, subroutines, functions, error code files and display utilities, suitable for
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scientific programming. In practice this means that a complete program can be quickly written 
by changing the code invoked by the calculate button.
The program was designed to accommodate isotopomers consisting o f eight ions with eight 
different amounts o f incorporation o f another isotope. Eight ions is sufficient to cover most 
elemental compositions including the majority o f tin species to adequate accuracy. The eight 
degrees o f incorporation is sufficient to cover the ring protons o f a monosaccharide (Do to 
D7). The specification; eight ions and eight degrees o f incorporation requires the abundances 
o f 15 peaks to be determined. In general for n ions and m degrees o f incorporation the number 
o f peaks to be determined is n + m -1 .
The central loops o f  the program are shown below, with some o f the display, monitoring and 
counting code removed for the purposes o f clarity. Comment statements are shown in an 
alternative font and multiple lines o f  code with an underscore.
All numerical variables and arrays are double precision and strict variable declaration is used. 
Operators starting with “FN” are functions and “DP” in a function name indicates that the 
function returns a double precision number.
Calc_Di f  f_ S a v e  = 5 0: ' This is the maximum acceptable error and later on in the program the lowest error 
found so far during the loops. The value is arbitrary and the value chosen only affects the number of nonsense 
results displayed in the early stages of the running of the program.
Start_Loop = 0 : End_loop = 1: Step_Loop = . 1: ' Loop parameters set
For nl = Start_Loop To End_loop Step Step_Loop
For n2 = Start_Loop To End_loop Step Step_Loop
For n3 = Start_Loop To End_loop Step Step_Loop
For n4 = Start_Loop To End_loop Step Step_Loop
For n5 = Start_Loop To End_loop Step Step_Loop
For n6 = Start_Loop To End_loop Step Step_Loop
For n6 = Start_Loop To End_loop Step Step_Loop
For n7 = Start_Loop To End_loop Step Step_Loop
For n8 = Start_Loop To End_loop Step Step_Loop
' CalcAbun(n) is the calculated abundance of each peak. SAb(n) is the abundance of individual isotopomer in a 
single sub-cluster.
CalcAbun(l) = (SAb(l)*nl)
CalcAbun(2) = (SAb(2)*nl) + (SAb(l)*n2)
CalcAbun(3) = (SAb(3)*nl) + (SAb(2)*n2) + (SAb(l)*n3)
CalcAbun(4) = (SAb(4)*nl) + (SAb(3)*n2) + (SAb(2)*n3) + (SAb(l)*n4)
CalcAbun(5) = (SAb(5)*nl) + (SAb(4)*n2) + (SAb(3)*n3) + (SAb(2)*n4) +
_(SAb (1) *n5)
CalcAbun(6) = (SAb(6)*nl) + (SAb(5)*n2) + (SAb(4)*n3) + (SAb(3)*n4) +
_(SAb(2)*n5) + (SAb(1)*n6)
CalcAbun(7) = (SAb(7)*nl) + (SAb(6)*n2) + (SAb(5)*n3) + (SAb(4)*n4) +
_ (SAb (3) *n5) + (SAb (2) *n6) + (SAb(l)*n7)
CalcAbun(8) - (SAb(8)*nl) + (SAb(7)*n2) + (SAb(6)*n3) + (SAb(5)*n4) +
(SAb (4) *n5) + (SAb (3) *n6) + (SAb(2)*n7) + (SAb(l)*n8)
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CalcAbun(9) = (SAb(8)*n2) + (SAb(7)*n3) + (SAb(6)*n4) + (SAb(5)*n5) +
_(SAb(4)*n6) + (SAb(3)*n7) + (SAb(2)*n8)
CalcAbun(10) = (SAb(8)*n3) + (SAb(7)*n4) + (SAb(6)*n5) + (SAb(5)*n6) +
_(SAb(4)*n7) + (SAb (3) *n8)
CalcAbun(11) = (SAb(8)*n4) + (SAb(7)*n5) + (SAb(6)*n6) + (SAb(5)*n7) +
_ (SAb (4) *n8)
CalcAbun(12) = (SAb(8)*n5) + (SAb(7)*n6) + (SAb(6)*n7) + (SAb(5)*n8)
CalcAbun(13) = (SAb(8)*n6) + (SAb(7)*n7) + (SAb(6)*n8)
CalcAbun(14) = (SAb(8)*n7) + (SAb(7)*n8)
CalcAbun(15) = (SAb(8)*n8)
MaxCalcAbun# = FNMaxDP (CalcAbun () , 1, 15) /  10 0: 'Find the maximum abundance 
Call NormaliseDP (CalcAbun () , 1, 15, MaxCalcAbun#): 'Normalise abundances to
maximum abundance value. In this case, elements 1 to 15 of the double precision array CalcAbun() are 
normalized to MaxCalcAbun#.
' FoundAbun(n) contains the abundances of the experimental data. The following loop calculates the sum of the 
absolute differences, between the data and calculated abundances.
Calc_diff = 0
For nlOl = 1 To 15 Step 1
Calc_diff = Calc_diff + Abs(FoundAbun(nlOl) - CalcAbun(nlOl))
Next nlOl
' The following statement determines if the sum of the absolute differences between found abundances and the 
data abundances (“the error”) are less than the maximum acceptable error. If they are the results are displayed 
and the maximum acceptable error is set to the current error value. Therefore as the loops progress the error of 
the data displayed is progressively reduced and the fit between calculated and found abundances increases.
If Calc_diff < Calc_Diff_Save Then 
Calc_Diff_Save = Calc_diff 
«Display results»
End If
Next n8, n7, n6, n5, n4, n3, n2, nl
The majority o f the time spent executing this loop is expended in the FNMaxDP function and 
the NormaliseDP subroutine, which find the maximum value in an array and normalize an 
array respectively; both work on double precision (DP) variables.
The results are sieved on the basis o f  total error, but this methodology is disproportionately 
affected by higher abundance peaks, because they have a higher numerical range and hence a 
larger potential effect on the sum o f  errors. However this is mitigated by the normalization 
routine, because the largest peak in the calculated abundances becomes 100% and if  it 
matches the position o f  the largest peak in the data it can never show an error. As a 
comparison the proportional error is also reported, which is the absolute sum, o f the errors o f 
the differences between the calculated and found abundances, divided by the found 
abundances. Consequently for this measure, the difference between 80 and 60 has the same 
contribution as the difference between 4 and 3 for calculated and found abundances 
respectively.
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Screen cap ture  o f test da ta
Bight Isotope, Eight Ibundsi Analysis, 2006
sight inoorporttii
D2DO Dl
isotope, eight inoorporetii
isotope, eight incorporatii
Xo. of loops 390625
31055.9 Tloe per loop 3.22B-05 secs
A partial screen capture o f  the same run showing the top o f the bottom left-hand side list box 
is shown below. This shows the raw data (8 x 30%), which is normalized to give the data set 
used in the loops (8 x 100) and the isotopes list, which is the list o f  abundances in the 
subcluster.
Started at 23:24:55 on Tuesday, 21 November 2006
Opened C:\Program Files\lsotopoiners_8_peaks_15\Error.txt for input OK
Data read correctly from C:\Program Files\lsotoponers_8_peaks_15\Error.txt using the format; error reading 
Current data set is One isotope, eight incorporations of 100%;
Peak, labels 1 2 3 4 5 6 7 8 9 10 11 12
Raw Data list 30 30 30 30 30 30 30 30 0 0 0 0
Data list 100 100 100 100 100 100 100 100 0 0 0 0
Composition DO Dl D2 D3 D4 D5 D6 D7
Isotopes list 100 0 0 0 0 0 0 0
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Screen capture o f the final analysis o f the tetra-O-acetyl-galactopyranosides 79b -  81b.
Me Edt Option* Help
Bight Isotope, Eight Abundances Analysis, 2006 Press calculate to start
Composition DO Dl D2 D3 D« OS 06 D?
law Bails X 0 .048 .245 .6 .657 .309 0 0
% Ratio M 0 7.306 37.291 91.324 100 47.032 0 0
Sun Rails R 0 2.582 13.179 32.275 35.342 16.622 0 0
Proportional error 1.22 %
Increment .1 «; Error 3.751 %
Peak labels 1 2 3 4 5 6 7 8 9 10 u 12 13 14 19
Results list 0 6.294 33.283 84.129 100 56.998 9. 568 1.597 .162 0 0 0 0 9 0
Data list 9 6.3 33.3 84.1 100 57.1 12.7 1.9 0 0 0 0 0 0 0
Differences 0 .906 .017 .029 0 .102 3.132 0
Composition DO Dl D2 83 84 D5 D6 87
Raw Ratio X 0 .048 .246 .6 .657 .308 0 0
% Ratio N 0 7.306 37.443 91.324 100 46.88 0 0
Sum Ratio X 0 2.582 13.233 32.275 35.342 16.568 9 0
Proportional •error 1.215 %
Increment .1 %; Error 3.652 %
Peak labels 1 S 3 4 9 6 7 8 9 10 u 12 13 14 15
Results list 9 6.294 33.283 84.129 100 57.129 9.59 1.601 .162 0 0 0 0 0 0
Data list 9 6.3 33.3 84.1 100 57.1 12.7 1.9 0 0 0 0 0 0 0
Differences 9 .006 .917 .029 0 .029 3.11 .299 .162 0 0 0 0 0 0
Composition DO Dl D2 D3 D4 DS D6 87
Raw Ratio M 9 .048 .246 .6 .657 .309 • 0
% Ratio M 9 7.306 37.443 91.324 100 47.032 0 0
Sum Ratio M 9 2.561 13.226 32.258 35.323 16.613 9 0
Proportional <error 1.182 %
Increment 1 %; Error 3.634 %
Peak labels 1 2 3 4 5 6 7 8 9 10 11 12 13 14 19
Results list 9 6.3 33.3 84.146 100 57.113 9.587 1.6 . 162 0 0 0 0 0 9
Data list 0 6.3 33.3 84.1 100 97.1 12.7 1.9 0 0 0 0 0 0 0
Differences 9 0 9 .046 0 .013 3.113 .3 .162 0 0 0 9 0 0
Composition D9 Dl D2 D3 D4 D5 D6 D7
Raw Ratio X 9 .049 .251 .612 .67 .315 9 0
% Ratio M 9 7.313 37.463 91.343 100 47.015 0 0
Sum Ratio M 9 2.583 13.231 32.261 35.319 16.605 0 0
Proportional terror 1.175 %
Calculation i 
Peak labels
Results list 
Data list 
Di iterances 
opposition 
Raw Ratio M 
% Ratio M 
Sum Ratio H 
Proportional
;onplete; Increment .1 %; Error 3.634 %
DO Dl 02
84.146
84.1
.046
D3
3.113 .3
D4
.0 4 9
7.313 
2.583 
1.175 %
■lapsed time 777.799 secs; 12.9633 mins;
Bo. of hits 88
■o. of loops 23525280 or 2.358+07
Loops per sec 30245.9 Time per loop 3.318-05 secs
.251 .612 .67
37.463 91.343 100
13.231 32.261 35.319
.2161 hours
.315 
47.015 
16.605
l i T j
5.3. General experimental procedures
5.3.1. General procedure for the deuteration of hexanopyranosides using Raney nickel 
(GP01)
Raney nickel (12 g, wet) was placed in a flask, deuterium oxide (4 ml) was added, the flask 
shaken and the supernatant (5 ml) decanted. The washing was repeated and deuterium oxide 
(4 ml, 221 mmol) added to the wet solid. The reaction was sonicated for 2 hr to “activate” the 
Raney Nickel. The hexopyranoside (200 mg) was added and the reaction refluxed. Filtered 
samples were analysed by ’H-NMR.
5.3.2. General procedure for the acetylation of hexanopyranosides72 (GP02)
A mixture o f pyridine (4.2 ml, 51.5 mmol, 50 equiv.) in dichloromethane (10 ml) and acetic 
anhydride (1.94 ml, 20.6 mmol, 20 equiv.) were placed in a flask in an ice bath. The sugar 
(200 mg) was added to the flask, which was kept in the ice bath for 3 hrs and in a refrigerator 
for two days. The solution was poured into a litre beaker filled with crushed ice. Sodium 
bicarbonate solution was added to the ice which melted to give a solution o f pH 9. The
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bicarbonate-water solution was extracted with ethyl acetate (3 x 100 ml) and washed with 
copper sulphate solution (3 x 60 ml) to remove excess pyridine. The solution was dried with 
MgS(>4, filtered and evaporated to give the product.
5.4. Experimental procedures
772,3,4,6-Tetra-O-acetyl-methyl-a-D-glucopyranoside 24b
6
Ac20 , pyr., CH2C12
2 4 a  0M e 24b  0Me
Methyl-a-D-glucopyranoside 24a (200 mg, 1.03 mmol) was subjected to general procedure 
GP02 (peracetylation), to give the title compound 24b (326 mg, 87%) as a gum. 5h (400, 
CDC13), 5.49 (1H, t, J 9 .8  Hz, 3-H), 5.08 (1H, t, J 9 .8  Hz, 4-H), 4.96 (1H, d, ./3.7H z, 1-H), 
4.90 (1H, dd, J  10.2, 3.7 Hz, 2-H), 4.27 (1H, dd, J  12.3, 4.6 Hz, 6a-H), 4.11 (1H, dd, J  12.3,
2.3 Hz, 6b-H), 4.0 (1H, ddd, J  10.2, 4.5, 2.3 Hz, 5-H), 3.42 (3H, s, OMe), 2.10, 2.08, 2.04, 
2.02 (4 x 3H, 4 x s, acetyl); 5C(100, CDC13), 171.1, 170.5, 170.5, 170.0 (C = O, Ac), 97.1 (1- 
C), 71.1 (2-C), 70.4 (3-C), 68.8 (4-C), 67.5 (5-C), 62.5 (6-C), 55.8 (CH3, OMe), 21.1, 21.09,
21.0 (CH3, Ac). MS (APCI) m/z (relative intensity) 331 (M - OMe), 330 (M - MeOH, 30%), 
303 (M - OAc, 24%).
(2,4-2H2)-methyl-a-D-glucopyranoside 71a and (2,4-2H2)-2r3,4,6-tetra-0-acetyl-methyl - 
a-D-glucopyranoside 71b
Ultrasonicated 
Raney Nickel, 
D20
HO' AcO'HO
HOHO AcO
HO AcOHO 0.5 h, reflux
HOHO AcO
OMe 24a OMe 71b
methyl-a-D-glucopyranoside
Methyl-a-D-glucopyranoside 24a (200 mg, 1.03 mmol) was treated with Raney nickel (12 g, 
wet) according to general procedure GP01, refluxed for 0.5 hr. The catalyst was removed by 
filtration and the reaction was azeotroped with toluene ( 3 x 1 0  ml) to give dry product, (2,4- 
2H2)-methyl-a-D-glucopyranoside 71a (110 mg), which was acetylated using general 
procedure GP02 to give (2,4-2H2)-2,3,4,6-tetra-0-acetyl-methyl-oc-D-glucopyranoside 71b 
(160 mg, 80%).
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(2,4-2H2)-Methyl-a-D-glucopyranoside 71a: 5H(400, D20 ) , 4.70 (1H, s, 1-H), 3.77 (1H, dd, 
J  12.3, 2.3 Hz, 6a-H), 3.64 (1H, dd, J  12.2, 5.5 Hz, 6b-H), 3.56 (2H, m, overlapping, 3-H, 5- 
H), 3.32 (3H, s, OMe); 5C (100, D20 ), 99.5 (1-C), 72.2 (3-C), 71.8 (5-C), 60.7 (6-C), 55.3 
(CH3, OMe).
(2,4-2H2)-2,3,4,6-Tetra-0-methyl-a-D-glucopyranoside 71b: 5H (400, CDC13), 5.49 (1H, s, 
3-H), 4.96 (1H, s, 1-H), 4.27 (1H, dd, J  12.3, 4.5 Hz, 6a-H), 4.10 (1H, dd, J  12.3, 2.2 Hz, 6b- 
H), 3.98 (1H, dd, J  4.5, 2.1, 5-H), 3.40 (3H, s, OMe), 2.09, 2.06, 2.04, 2.0 (4 x 3H, 4 x s, 
acetyl); 5C(100, CDCI3), 171.0, 170.3, 170.2, 170.0 (C = O, Ac), 95.7 (1-C), 68.9 (3-C), 66.0 
(5-C), 60.8 (6-C), 54.4 (CH3, OMe), 21.0, 20.9, 20.8 (CH3, Ac).
2,3,4,6-Tetra-O-acetyl-methyl-a-D-mannopyranoside 54b
AC2 O, pyr., CH2Cl2
h o ^ A OH 
\ l  0
HO-----Y ~ \
H O - \
5 4 a  OMe 5 4 b OMe
Methyl-a-D-mannopyranoside 54a (200 mg, 1.03 mmole) was subjected to general procedure 
GP02 (peracetylation), to give the title compound 54b (151 mg, 40%) as a gum. 8h (400, 
CDCI3), 5.33 (1H, dd, J  10.0, 3.2 Hz, 3-H), 5.28 (1H, t, J  9.8 Hz, 4-H), 5.21 (1H, dd, J3 .1 , 
1.6 Hz, 2-H), 4.72 (1H, d, J  1.3 Hz, 1-H), 4.30 (1H, dd, J  12.2, 5.3 Hz, 6a-H), 4.11 (1H, dd, J  
12.2, 2.4 Hz, 6b-H), 3.96 (1H, m, 5-H), 3.41 (3H, s, OMe), 2.16, 2.11, 2.03, 2.0 (4 x 3H, 4 x 
s, acetyl); 5C, 172.2, 171.8, 171.6, 171.6 (C = O), 98.6 (C -l), 69.5 (C-2), 69.1 (C-3), 68.4 (C- 
5), 66.2 (C-4), 62.5 (C-6), 55.3 (CH3, OMe), 20.9, 20.8, 20.7 (CH3, Ac). MS (APCI) m/z 
(relative intensity) 331 (M - OMe), 303 (M - OAc, 16%).
(2Hi.3)-Methyl-a-D-mannopyranosides 73a - 77a and (2Hi_3)-2,3,4,6-tetra-0-acetyl- 
methyl-a-D-mannopyranosides 73b - 77b
Ultrasonicated 
Raney Nickel,
D20
0.5 h, reflux
OMe 5 4 a  D OMe 73 a  (2,3,4 - ^ 3 )- 73 b
Ac20 ,  pyr., 
CH2CI2
 , , 2 H
methyl-a-D-manno-
pyranoside
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AcO AcO AcO AcOA cO ' A cO ' A cO ' AcO '
AcO AcO AcO AcO
AcO AcO AcO AcO
OMe OMe OMeOMe
7 4 b ,4 -D 1 7 5 b , 2,4-D 2 7 6 b , 2-D, 7 7 b , 2,3-D2
M ethyl-a-D-mannopyranoside 54a (200 mg) was refluxed for 0.5 h. with Raney nickel 
according to general procedure GP01. The catalyst was removed by filtration and the reaction 
was azeotroped with toluene (3 x 10 ml) to give dry product, (2Hi_3)-methyl-a-D- 
mannopyranosides 73a - 77a (100 mg), which were acetylated using general procedure GP02 
to give (2Hi_3)-2,3,4,6-tetra-0-acetyl-m ethyl-a-D-m annopyranosides 73b - 77b (80 mg). 
(2Hi.3 )-M ethyl-a-D-m annopyranosides 73a - 77a: 5 h ( 4 0 0 ,  D2O), 4.60 (H, s, 1-H), 3.75 (H, 
d, J  3.6 Hz, 2-H), 3.72 (H, dd, J  12.2, 2.2 Hz, 6a-H), 3.56 (H, not determined, 3-H), 3.56 (H, 
dd, J  12.1, 6.0 Hz, 6b-H), 3.45 (2H, m, 4-H, not determined overlapping with 5-H); 5c (100, 
D20 ), 100.1 (1-C), 71.8 (5-C), 70.7 (3-C), 70.2 (2-C), 66.9 (4-C), 61.2 (6-C), 54.9 (CH3, 
OMe).
(2H i.3)-2,3,4,6-Tetra-0-acetyl-m ethyl-a-D-m annopyranosides 73b - 77b: 5h (400, CDCI3),
5.32 (1H, s, d, J  9.9 Hz, 3-H), 5.26 (1H, d, J  10.1 Hz, t, J  9.7 Hz, 4-H), 5.20 (1H, dd, J 3 .5 ,
1.4 Hz, 2-H), 4.70 (1H, s, 1-H), 4.30 (1H, dd, J  12.2, 5.3 Hz, 6a-H), 4.11 (1H, dd, J  12.2, 2.3 
Hz, 6b-H), 3.94 (1H, m, 5-H), 3.40 (3H, s, OM e), 2.15, 2.11, 2.01, 2.0 (4 x 3H, 4 x s, acetyl); 
5C, 171.2, 170.7, 170.4, 170.3 (C = O), 97.5 (C -l), 67.2 (C-2), 67.1 (C-3), 66.5 (C-5), 65.1 (C- 
4), 60.8 (C-6), 54.3 (CH3, OMe), 19.9, 19.7, 19.5 (CH 3, Ac).
2,3,4,6-Tetra-O-acetyl-m ethyl-a-D-galactopyranoside 50b
HO AcO e
H O 'I 'A  AcO ' I A  ^
Ac20 ,  pyr., CH2CI2 O
Ho\„***^A  ► A co\^fcA i
HO I AcO I
OMe OMe
5 0 a  5 0 b
M ethyl-a-D -galactopyranoside 50a (200 m g, 1.03 m m ol) was subjected to general procedure
GP02 (peracetylation), to give the title compound  50b (216 mg, 58%). 5h (400, CDCI3), 5.47
(1H, dd, J 3 .2 , 0.8 Hz, 4-H), 5.36 (1H, dd, J  11.0, 3.4 Hz, 3-H), 5.15 (1H, dd, J  10.8, 3.6 Hz,
2-H), 4.99 (1H, d, J 3 .6  Hz, 1-H), 4.18 (lH ,dd , J 6 .8, 6.0 Hz, 5-H), 4.10 (2H, m, 6a-H, 6b-H),
3.40 (3H, s, OMe), 2.16, 2.08, 2.03, 1.97 (4 x 3H, 4 x s, acetyl); 5C: 170.8, 170.8, 170.6, 170.3
(C = O), 97.5 ( 1-C), 68.5 (3-C), 68.4 (2-C), 67.9 (4-C), 66.5 (5-C), 62.2 (6-C), 55.9 (CH3,
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OMe), 21.2, 21.1, 21.0 (CH3, Ac); MS (APCI) m/z (relative intensity) 331 (M - OMe), 332 (H 
+ M - OMe, 10%).
CHi.5)-M ethyl-a-D-galactopyranosides 79a - 81a and (2Hi.s)-2,3,4,6-tetra-0-acetyl- 
methyl-a-D-galactopyranosides 79b -  81b
D D
HO
HO
HOS 3 ,
HO I
Ultrasonicated 
Raney Nickel, 
D20
0.5 h, reflux 
OMe 5 0 a , Galacto
HO AcO
HO AcO
OMe 7 9 a , 2,3,4,6-D4 OMe 79 b , 2,3,4,6 -D4
AcO AcO
AcO AcO
OMe 80 b , 2,4,6-D3
AcO
A cO 'l'
AcO
A c O 'l'
AcO
A cO 'l'
HO
H O '|'
Deuterated and peracetylated galactopyranoside were prepared by general procedures GP01 
to give (2Hi.5)-m ethyl-a-D-galactopyranosides 79a - 81a (80 mg), and GP02 to give (2Hi_s)-
2,3,4,6-tetra-O-acetyl-methyl-a-D-galactopyranosides 79b - 81b (75 mg). 
(2Hi_5)-M ethyl-a-D-gaIactopyranosides 79a - 81a: 5h (400, D2O), 4.75 (1H, s, 1-H), 3.81 
(1H, s, 4-H), 3.74 (N.D*, not determined), 3.70 (1H, dd, J  5.2, 2.2 Hz, 6a-H), 3.70 (N.D),
3.65 (1H, d, J  9.4 Hz, 2-H), 3.65 (N.D); 5C (100, D20 ), 99.2 (1-C), 70.5 (5-C), 69.2 (3-C),
61.1 (6-C), 54.8 (CH3, OMe).
(2Hi.5)-2,3,4,6-Tetra-0-acetyl-methyl-a-D-galactopyranoside 79b -  81b: 5h (400, CDCI3), 
5.46 (H, d, J 8.7 Hz, 4-H), 5.36 (H, s, d, J  10.5 Hz, 3-H), 5.13 (H, dd, J 6.6, 3.6 Hz, 2-H), 4.98 
(H, s, br s, 1-H), 4.17 (H, d, J 5 .3  Hz, 5-H), 4.10 (2H, m, 6a-H, 6b-H), 3.40 (3H, s, OMe),
2 .15,2 .06,2 .04, 1.96 (4 x 3H, 4 x s, acetyl); 8C(100, CDC13), 170.7, 170.7, 170.6, 170.3 (C = 
O, Ac), 96.1 (1-C), 66.3 (3-C), 65.9 (2-C), 65.0 (4-C), 64.9 (5-C), 60.7 (6-C), 54.5 (CH3, 
OMe), 21.0, 20.9, 20.8 (CH3, Ac).
2,3,4-(2H3)-methyl-a-D-glucopyranoside 72a
HO-""A.
HO----
ho-\^*»^*A
HO | 
OMe
2 4a
i) Raney Nickel, D2 0 ,  
2 h sonication______
ii) 16 h, 80°C
HO 4
M ethyl-a-D-glucopyranoside 24a (200 mg, 1.03 mmol) was deuterated according to general 
procedure GP01 heated at 80 °C for 16 h. 5H (400 MHz, D20 )  72a: 4.76 (hidden by residual
101 Experimental
H20 , 1H, 1-H ), 3.74 (1H, dd, 7  12.4, 2.2 Hz, 6a-H), 3.63 (1H, dd, 7  12.3, 5.5 Hz, 6b-H), 3.52 
(1H, m, 5-H), 3.27 (3H, s, OMe); 6C (100 MHz, D20 ), 99.8 (1-C), 72.0 (5-C), 60.9 (6-C), 55.6 
(CH3, OMe).
Deuteration of methyl-a-D-glucopyranoside 24a with different amounts of Raney nickel:
6
i> Raney Nickel (12.1,0.5 or 0.1 o).
HO \  D2 0 , 2 h. sonication \  , 2  \
HO I ii) Reflux D'n HO ]
OMe 2 4 a  OMe 24h
‘H-NMR data after exchange with 12 g Raney nickel with reflux for 0.5 h:
5h (400, D20 ), 4.70 (1H, s, 1-H), 3.77 (1H, dd, 7  12.3, 2.3 Hz, 6a-H), 3.64 (1H, dd, 7  12.2, 5.5 
Hz, 6b-H), 3.56 (2H, m, overlapping, 3-H, 5-H), 3.32 (3H, s, OMe); 8C (100, D20 ), 99.5 (1- 
C), 72.2 (3-C), 71.8 (5-C), 60.7 (6-C), 55.3 (CH3, OMe).
Hydrogen number 1 2 3 4 5 6a 6b OCH3
% Deuterium______ 0 100 30 100 0 0 0 0
!H-NMR data after exchange with 1 g Raney nickel with reflux for 0.5 h:
5h (400, D20 ), 4.76 (1H, d, 7  3.6 Hz, 1-H), 3.77 (1H, dd, 7  12.3, 2.2 Hz, 6a-H), 3.67 (1H, dd, 
7  12.2, 5.5 Hz, 6b-H), 3.57 (1H, t, 7 9 .4  Hz, 3-H), 3.55 (1H, m, 5-H, overlaps with 3-H), 3.47 
(1H, dd, 79 .7 , 3.8 Hz, 2-H), 3.32 (3H, s, OMe), 3.30 (1H, t, 7 9 .7  Hz, third line hidden under 
OMe, 4-H).
Hydrogen number 1 2 3 4 5 6a 6b OCH3
% Deuterium 0 66 25 5 0 0  0 0 0
^ -N M R  data after exchange with 0.5 g Raney nickel with reflux for 0.5 h and 2.5 h:
5h (400, D20 ) , 4.76 (1H, d, 7 3 .7  Hz, 1-H), 3.79 (1H, dd, 712.3, 2.0 Hz, 6a-H), 3.68 (1H, dd,
712.3, 5.4 Hz, 6b-H), 3.59 (1H, t, 79 .3  Hz, 3-H), 3.58 (1H, m, 5-H), 3.48 (1H, dd, 79 .8 , 3.7 
Hz, 2-H), 3.36 (3H, s, OMe), 3.32 (1H, t, 7 9 .4  Hz, 4-H).
Hydrogen number 1 2 3 4 5 6a 6b o c h 3
% Deuterium 0.5 hrs 0 29 0 21 0 0 0 0
% Deuterium 2.5 hrs 0 67 40 50 0 0 0 0
’H-NMR data after exchange with 100 mg Raney nickel with reflux for 3.5 h:
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5h (400, D20 ) , 4.76 (1H, d, J 3 .7  Hz, 1-H), 3.79 (1H, dd, J  12.3, 2.0 Hz, 6a-H), 3.68 (1H, dd, 
J  12.3, 5.4 Hz, 6b-H), 3.59 (1H, t, J 9 .3  Hz, 3-H), 3.58 (1H, m, 5-H), 3.48 (1H, dd, J9 .8 , 3.7 
Hz, 2-H), 3.36 (3H, s, OM e), 3.32 (1H, t, J 9.4 Hz, 4-H).
Hydrogen number 1 2 3 4 5 6a 6b OCH3
%  Deuterium 0 28 0 28 0 0 0 0
4,6-0-Benzylidene-m ethyl-a-D -glucopyranoside 3675
HO " " A
HO I 
2 4 a  OMe
i- ^ y ' cho
83 ZnCh
OMe
M ethyl-a-D-glucopyranoside 24a (30 g, 154.6 mmol), zinc chloride (22.5 g, 165.4 mmol,
1.07 eq.) and benzaldehyde 83 (70 ml, 680 mmol) were stirred for 3 h. The mixture was 
poured into a m ixture o f  icerwater (1:1, 1L), and the solid was filtered off. The white 
precipitates were washed with petroleum ether (100 ml) and left to be dried. Recrystallization 
from hot water gave the title com pound36 (22.5 g, 51 %) as a coloreless crystalline solid, m.p 
165-166°C, (lit.75 163-164°C); 5H (400 MHz, CDC13), 7.50 (2H, m, Ph-H), 7.42 (3H, m, Ph- 
H), 5.55 (1H, s, 7-H), 4.81 (1H, d, J 3 .8  Hz, 1-H), 4.32 (1H, dd, J  9.6, 4.2 Hz, 6a-H), 3.96 
(1H, t, J 9 .3 , Hz, 3-H), 3.83 (1H, dd, J 9 .8 ,  4.7 Hz, 6b-H), 3.77 (1H, m, 5-H), 3.63 (1H, dd, J  
8.9, 3.6 Hz 2-H), 3.52 (1H, t, J 9 .2 ,  Hz, 4-H), 3.48 (3H, s, OMe), 2.95 (1H, br. s, OH), 2.43 
(1H, br d, J  8.7 Hz, OH). 5C (DEPT, 5H ’H -13C V-COSY), 129.7 (C, Ph-C), 129.0 (CH,7.42, 
Ph-C), 126.8 (CH, 7.50, Ph-C), 102.2 (CH, 5.55, 7-C), 99.8 (CH, 4.81, 1-C), 81.0 (CH, 3.52,
4-C), 72.3 (CH, 3.63, 2-C), 71.2 (CH, 3.96, 3-C), 68.4 (CH2, 4.32, 3.83, 6-C), 62.0 (CH, 3.77,
5-C), 55.8 (CH3, 3.48, OM e-C); MS (APCI) m/z 283 (M H+).
Deuteration o f 4 ,6-0-benzylidene-m ethyl-a- D-glucopyranoside 36
Ph
0.5 h, reflux
OMe 36
Ultrasonicated 
Raney Nickel, 
D20
D OMe 89
4,6-O-benzylidene-m ethyl-a-D-glucopyranoside 36 (200 mg, 0.708 mmol) was deuterated 
according to the GP01 (12 g and 0.5 g Raney nickel) and refluxed for 0.5 h. Ethyl acetate (10 
ml) was added to the reaction mixture. The Raney nickel was filtered off, and washed with 
ethyl acetate and water. The two phases were separated and evaporated. The organic soluble
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phase was dried over magnesium sulphate, and evaporated to give a trace o f a sugar (10 mg) 
that could not be identified. The aqueous phase was evaporated under high vacuum to give the 
compound 89 (106 mg, 76%). 'H  NM R spectrum o f that compound in D2O showed circa 75% 
deuterium incorporation on C-2, C-3, but not at any other center
Hydrogen number 1 2 3 4 5 6a 6b OCH3
% Deuterium 89 0 75 75 0 0 0 0 0
4,6-0-Isopropylidene-a-methyl-D-glucopyranoside 90a
ZnCI2 or
OMe 2 4 a
c h 3q  o c h 3
Amberlyst 15
O
HO
HO
OMe 90a
78I. Preparation from acetone and zinc chloride : Methyl-a-D-glucopyranoside 24a (10 g,
51.54 mmol) was placed in a stoppered flask. Acetone (200 ml) was added with stirring and 
zinc chloride (30 g, 220.13 mmol). The mixture was refluxed for 2 days. The cooled solution 
was poured into a beaker containing a mixture o f ice and saturated sodium hydrogen 
carbonate. The precipitate was collected and the filtrate was extracted with chloroform (3 x 80 
ml), evaporated and columned using a solvent gradient o f chloroform to ethanol gave the title 
compound 90a (2 g, 16%) as white powder.
II. Preparation from 2,2-dimethoxypropane79: DMF (100 ml) was added with stirring to 
methyl-a-D-glucopyranoside 24a (20 g, 0.103 mol) and 2,2-dimethoxypropane (31.6 ml,
26.77 g, 0.257 mol). Amberlyst 15 (100 mg) was added and the reaction left to stir in a 
stoppered flask with TLC monitoring, the reaction mixture was concentrated under reduced 
pressure and 2,2-dimethoxypropane (31.6 ml) was added again. This was done twice at 
intervals o f  three days. The reaction mixture was extracted with chloroform (3 x 80 ml), dried 
over sodium sulfate and evaporated under high vacuum. Purification by flash chromatography 
on silica eluting with chloroform and ethanol gave the title compound 90a (15.43 g, 64%) as a 
coloreless powder, m.p 80-82 °C, (lit.79 84-86 °C); 8 h ( 4 0 0 ,  CDCI3), 4.74 (1H, d, J 3.9 Hz, 1- 
H), 3.82 (1H, dd, J  10.5, 5.2 Hz, 6a-H), 3.73 (1H, t, J  9.1, 3-H), 3.70 (1H, dd, J  10.5, 9.9 Hz, 
6b-H), 3.62 (1H, m, 5-H), 3.60 (1H, dd, J 9 .0 , 3.9 Hz, 2-H), 3.52 (1H, t, J9 .1  Hz, 4-H), 3.36 
(3H, s, OMe), 1.60, 1.54 (6H, 2 x s, C(CH3)2), 8C (DEPT, SH ‘H-13C V-COSY), 99.76 (CH, 
4.74, 1-C), 99.74 (C, 7-C), 73.4 (CH, 3.52, 4-C), 73.0 (CH, 3.60, 2-C), 72.1 (CH, 3.73, 3-C),
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63.2 (CH, 3.62, 5-H), 62.3 (CH2, 3.82, 3.70, 6-H), 55.5 (CH3, 3.36, OMe-C), 29.1, 19.1 (CH3,
1.60, 1.54, CH3-C); MS (APCI) m/z 235 (MH^).
4,6-{Msopropylidene-2,3-di-0-acetyl-methyl-a-D-glucopyranoside 90b
o
HO
HO
OMe 9 0 a
Pyridine AcO
OAcI
OMe 90b
4,6-O-Isopropylidene-methyl-a-D-glucopyranoside 90a (0.2 g, 0.855 mmole) was acetylated 
using acetic anhydride (0.35 g, 3.42 mmol) and pyridine (1.35 g, 17.09 mmol) in 
dichloromethane according to general procedure GP02, to give the title compound 90b in 89% 
yield as oil after purification by column chromatography using a slow gradient o f chloroform : 
ethanol; Rf 0.5 in chloroform : ethanol; 90:10; IR (film), 2995, 2942, 1751, 1442, 1371, 1331, 
1241, 1143, 1058, 943, 912, 851, 754, 649, 602 cm*1; 5H(400 MHz, C6D6), 5.78 (1H, t, J 9 A  
Hz, 3-H), 4.97 (1H, dd, J 9 .9 ,  3.6 Hz, 2-H), 4.71 (1H, d, J 3 .6  Hz, 1-H), 3.68 (1H, m, 5-H), 
3.63 (1H, dd, J  10.4, 6.0 Hz, 6a-H), 3.53 (1H, t, J 9.6 Hz, 4-H), 3.48 (1H, t, J  10.1 Hz, 6b-H), 
2.80 (3H, s, OMe), 1.59, 1.53 (2 x 3H, 2 x s, acetyl), 1.27, 1.08 (2 x 3H, 2 x s, 8-H ’s, 9-H’s). 
5C (DEPT, SH !H -13C ^-C O SY ), 169.9, 169.2 (C = O, Ac), 99.7 (C, 7-C), 97.8 (CH, 4.71, 1- 
C), 72.3 (CH, 3.53, 4-C), 72.1 (CH, 4.97, 2-C), 69.5 (CH, 5.78, 3-C), 63.6 (CH, 3.68, 5-C),
62.2 (CH2, 3.63, 3.48, 6-C), 54.5 (CH3, 2.80, OMe-C), 29.1 (CH3, 1.27, 8-C or 9-C), 20.4,
20.1 (CH3, 1.59, 1.53, OAc-C), 18.8 (CH3, 1.08, 8-C or 9-C); MS (APCI) m/z (relative 
intensity) 287 (M - OMe), 319 (M + H, 41 %), 261 (M + H -  OAc, 28%).
2-f2Hil-4.6-0-IsoDroDvlidene-methvl-q-D-glucopvranoside 91a
Ultrasonicated 
Raney Nickel, 
D20O
0.5 h, refluxHO
HO
OMe 90a
O
HO
HO
OMe 91a
Raney nickel (0.9 g, wet) was washed with deuterium oxide ( 2 x 3  ml; 2.5ml, 138 mmol) and 
sonicated according to GP01. 4,6-O-Isopropylidene-methyl-a-D-glucopyranoside 90a (200 
mg, 0.855 mmol) was added and the reaction refluxed for 1.5 hr, left to cool and filtered to 
give the title compound 91a (110 mg, 55%) as a powder, mp 81-83 °C: [a]o23 +110.3 (c 0.08,
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CHC13); IR (CH2CI2), 3430, 2357, 1646, 1379, 1270, 1199, 1170, 1108, 1064, 1029, 857 cm '1; 
5h (400 MHz, CDCI3), 4.69 (1H, s, 1-H), 3.82 (1H, dd, J  10.5, 5.2 Hz, 6a-H), 3.68 (2H, t, J
10.4 Hz,overlap 3-H, 6b-H), 3.55 (1H, m, 5-H), 3.45 (1H, t, J  9.3 Hz, 4-H), 3.37 (3H, s, 
OMe), 2.62, 2.18 (2 x OH, s), 1.50, 1.38 (6H, C(CH3)2). 5C(DEPT, 5H 1H -13C V-COSY), 99.7 
(CH, 4.69, 1-C), 99.6 (C, 7-C), 73.4 (CH, 3.45, 4-C), 72.2 (CH, 3.68, 3-C), 63.3 (CH, 3.55, 5- 
C), 62.3 (CH2, 3.82, 3.68, 6-C), 55.5 (CH3, 3.37, OMe-C), 29.1, 19.1 (CH3, 1.50, 1.38, CH3- 
C); MS (APCI) m/z 236 (MH+); HRMS (ES+) calcd for C i0H2i2HiO6Ni (M+NH4+), 253.1504, 
found 253.1505, e rro r-0 .3 9  ppm.
M ethyl-a-D-glucopyranoside 24a81
Amberlyst 15, H20 HO
HOO 2  hr, r.t.
HOHO
HO 24aHO 9 0 a
OMeOMe
Amberlyst 15 (10 mg) was added to 4,6-O-isopropylidene-methyl-oc-D-glucopyranoside 90a 
(100 mg, 0.427 mmol) in water (2 ml), and the reaction left to stir in a stoppered flask for 2 h. 
at r.t. The Amberlyst was filtered off, and the filtrate was evaporated under reduced pressure 
to gave the title compound 24a (80 mg, 96%) as white crystalline solid. Rf 0.4 in 
chloroform:methano 1; 60:40; 6H(400 MHz, D20 ) , 4.63 (1H, d, J 2.6 Hz, 1-H), 3.65 (1H, d, J
12.1 Hz, 6a-H), 3.54 (1H, dd, J  12.1, 5.0 Hz, 6b-H), 3.41 (2H, t, J9 .4 , 3-H, 5-H overlaps with 
3-H), 3.33 (1H, dd, J 9 .6 , 2.9 Hz, 2-H), 3.20 (3H, s, OMe), 3.17 (1H, t, 9.7 Hz, 4-H, third line 
hidden under OMe). 8C(DEPT, 5H 'H -13C './-COSY), 99.1 (CH, 4.63, 1-C), 72.9 (CH, 3.41, 3- 
C), 71.4 (CH, 3.33, 2-C), 71.1 (CH, 3.41, 5-C), 69.4 (CH, 3.17, 4-C), 60.4 (CH2, 3.65, 3.54,
6-C), 54.8 (CH3, 3.20, OMe-C).
2-(2Hi)-M ethyl-a-D-glucopyranoside 82
Amberlyst 15, H20 HO
HOO 2  hr, r.t.
HOHO
HOHO
OMe 82OMe 9 1 a
Amberlyst 15 (5 mg) was added to 2-[2Hi]-4,6-OIsopropylidene-methyl-a-D-glucopyran- 
oside 91a (50 mg, 0.212 mmol) in water (1 ml), and the reaction left to stir in a stoppered
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flask for 2.5 h. at r.t. The Amberlyst was filtered off, and the filtrate was evaporated under 
reduced pressure to gave the title compound 82 (38 mg, 90%) as white crystalline solid, m.p 
155-158°C; Rf 0.4 in chloroformimethanol; 60:40; [a]D23 + 22 (c 1.0, H20 ); IR (film), 3385, 
2926, 2358, 1644, 1366, 1191, 1094, 1032, 854 c m 1; 5H(400 MHz, D20 ), 4.73 (1H, s, 1-H), 
3.82 (1H, dd, J  12.3, 2.2 Hz, 6a-H), 3.68 (1H, dd, J  12.3, 5.5 Hz, 6b-H), 3.60 (1H, d, J 9 .2  Hz, 
3-H), 3.57 (1H, m, 5-H), 3.37 (3H, s, OMe), 3.34 (1H, t, J  9.5 Hz, 4-H, third line hidden 
under OMe). 5C (DEPT, 6H ]H -13C V-COSY), 99.3 (CH, 4.73, 1-C), 73.0 (CH, 3.60, 3-C),
71.6 (CH, 3.57, 5-C), 69.6 (CH, 3.34, 4-C), 60.6 (CH2, 3.82, 3.68, 6-C), 55.0 (CH3, 3.37, 
OMe); MS (ES+) m/z 196 (MH+); HRMS (ES+) calcd for C t H ^ i C ^  (M+NH44), 
213.1191, found 213.1191, error 0.0 ppm.
Deuteration of p-Cyclodextrin
OH
HO
HO
94
—I 7
i) Raney Nickel, D2 0 ,  
2 h sonication
ii) 2  h, reflux
" SD.
—I 7
Raney nickel (8 g, wet) was washed with deuterium oxide ( 2 x 5  ml; 5ml, 276 mmol) and 
sonicated according to GP01. (3-cyclodextrin 94 (200 mg, 0.173 mmol) was placed in a flask, 
deuterium oxide (3 ml) was added and dried under reduced pressure and then added to the 
Raney nickel. The reaction mixture refluxed for 1.45 hr, left to cool and filtered to give the 
deuterated compound 95 (125 mg) as a white powder. 8h (500 MHz, D20 ), 4.98 (1H, s, 1-H), 
3.88 (1H, d, J9 .0 3  Hz, 3-H), 3.75 (2 or 3 H, d, J 11.5 Hz, 5, 6, 6'-H, overlapping), 3.56 (1H, t, 
J9 .5 Hz, d, J9.SHz, 4-H). Sc (DEPT, 8H 'H -I3C ‘./-COSY), 101.8 (CH, 4.98, 1-C), 81.1 (CH,
3 .56 ,4-C), 73.0 (CH, 3.88, 3-C), 71.7 (CH, 3.75, 5-C), 60.3 (CH2, 3.75, 6-C).
Attempted deuteration o f silylated p-Cyclodextrin
.OH
1 CO
\„OR
O
R D ^ \ J?0
/  HO^^^A
i) Raney Nickel, D20 ,  
2 h sonication
o^^Y  ^
/  h o ~ Y *
\  H01 ii) 2  h, reflux
V D
HO
9 6
7
97
—I 7
107 Experimental
Raney nickel (8 g, wet) was washed with deuterium oxide ( 2 x 5  ml; 5ml, 276 mmol) and 
sonicated according to GP01. Heptakis (6-0-ter/-butyldimethylsilyl)(3-cyclodextrin 96 (200 
mg, 0.1 mmol) was placed in a flask, chloroform and deuterium oxide (3 + 2 ml) was added 
and dried under reduced pressure and then added to the Raney nickel. The reaction mixture 
was refluxed for 2 hr, left to cool and filtered and evaporated to give a white powder (110 mg, 
55 %). The !H-NMR spectrum was identical to starting material.
3-0-(2'-Hydroxy-r-methoxy-ethyl)-2,4-0-benzyIidene-D-erythritol 182a
9
1
10'
HO
HO
i) HI04, THF, EtOH or 
N al04, CH3OH, H20
HO
HO
I. Preparation of water insoluble diols using periodic acid: 4,6-Obenzylidene-methyl-a- 
D-glucopyranoside 36 (1 g, 3.54 mmol) was stirred at 0 °C in THF (10 ml) and ethanol (5 ml). 
Periodic acid (850 mg, 3.73 mmol) was dissolved in THF (12 ml) and added to the sugar 
solution dropwise. The reaction was stirred for 2 h and sodium borohydride (1 g, 26.45 mmol) 
in ethanol (3 ml) was added dropwise with stirring to the sugar solution. Chloroform (50 ml) 
and water (100 ml) were added to separate the phases. The chloroform extract was dried over 
sodium sulphate, filtered and evaporated. Purification by flash chromatography on silica 
eluting with chloroform and ethanol gave the title compound 182a (804 mg, 80 %) as an oil. 
Rf 0.32 in chloroformimethanol; 90:10; [a]o23 - 63 (c 1.5, CHCI3); IR (film), cm"1 3386, 1643, 
1452, 1392, 1215, 1068, 752; 5H(400, CDC13), 7.40, (2H, 2 x d, J 3.7 Hz, 9, 9'-H), 7.30 (3H, 
m, 10, 10’, 11-H), 5.47 (1H, s, 7-H), 4.53( 1H, dd, J 6 A ,  4.8 Hz, 1-H), 4.35 (1H, dd, J  10.6,
5.3 Hz, 3eq-H), 3.98 (1H, m, 5-H), 3.90 (1H, dd, J  12.4, 3.6 Hz, 6a-H), 3.86 (1H, dd, J  12.4,
2.6 Hz, 6b-H), 3.70 (1H, m, 4-H), 3.63 (1H, t, J  10.5 Hz, 3ax-H), 3.58 (1H, dd, J  12.4, 6.1 Hz, 
2ax-H), 3.50 (1H, dd, J  12.2, 4.7 Hz, 2eq-H), 3.40 (3H, s, OMe-H). 8C (DEPT, 5H JH -13C lJ- 
COSY), 137.3 (C, 8-C), 129.2 (CH, 7.30, 11-C), 128.4 (CH, 7.30, 10-C), 126.1 (CH, 7.40, 9- 
H), 103.2 (CH, 5.47, 7-C), 101.2 (CH, 4.53, 1-C), 80.4 (CH, 3.70, 4-C), 69.9 (CH2, 4.35, 3.63,
3-C), 64.7 (CH, 3.98, 5-C), 62.0 (CH2, 3.58, 3.50, 2-C), 61.9 (CH2, 3.90, 3.86, 6-C), 55.9 
(CH3, 3.40, OMe-C); MS (EI/CI) m/z 302 (M + H20 ); HRMS (ES+) calcd for Ci4H20O6 
(M+H+), 285.1333, found 285.1337, e r ro r -  1.40 ppm.
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II. Preparation o f water soluble diols using sodium periodate 4,6-0-benzylidene-methyl- 
a-D-glucopyranoside 36 (1 g, 3.54 mmol) was dissolved in methanol (12 ml) with magnetic 
stirring and warming in a stoppered flask (100 ml). Sodium periodate (1.5 g, 1.844 mmol) was 
dissolved in water (5 ml) with warming. The periodate solution was added to the sugar 
solution dropwise. A precipitate formed which did not dissolve on warming or addition of 
methanol (5 ml). Sodium hydroxide (8 M, 2 ml) was added, and the reaction left to stir for 2 
h. Sodium borohydride (1 g, 26.45 mmol) was added slowly and the reaction stirred for 30 
minutes. Water (50 ml) was added and the mixture was extracted with chloroform (3 x 30 ml) 
dried over magnesium sulphate, filtered and evaporated. Purification by flash chromatography 
on silica eluting with chloroform and ethanol gave the title compound 182a (911 mg, 90%)
l-3-0-(2'-acetoxy-r-methoxy-ethyl)-2,4-0-benzylidene-D-erythrityl acetate 182b
AC2 O, pyridine, CH2 CI2
HO
HO
OMe 1 8 2 a
AcO'
OAc
OMe 1 8 2 b
A mixture o f  pyridine (1.01 ml, 13.6 mmol, 20 equiv.) in dichloromethane (3 ml) and acetic 
anhydride (0.3 ml, 2.72 mmol, 4 equiv.) were placed in the flask in an ice bath. 3 - 0 (2 '-  
hydroxy-T-methoxy-ethyl)-2,4-Obenzylidene-D-erythritol 182a (194 mg, 0.68 mmol) was 
added to the flask and acetylation was carried out using the general procedure GP02. 
Purification by flash chromatography on silica eluting with chloroform and methanol gave the 
title compound 182b (144 mg, 57%) as a yellow oil. Rf 0.42 in chloroform:methanol; 95:05; 
[ o ] d 2 3  -  48.6 (c 1.0, CHCI3); IR (film), cm' 1 3488, 2966, 2915, 2855, 1740, 1599, 1448, 1373, 
1318, 1258, 1232, 1067, 1022, 981, 916, 791, 760, 710; 8H(400, CDC13), 7.47, 7.36 (5H, 2 x 
d, J  1.4 Hz, Ph-H, overlapping), 5.52 (1H, s, 7-H), 4.72 (1H, dd, 5.7, 5.2 Hz, 1-H), 4.53 (1H, 
dd, J  12.2, 0.8 Hz, 3a-H), 4.43 (1H, dd, J  10.9, 4.3 Hz, 6a-H), 4.29 (1H, dd, 12.1, 4.7 Hz,
3b-H), 4.13 (1H, dd, J  11.7, 5.0, H-2a), 4.03 (1H, dd, 11.8, 5.9 Hz, 2b-H), 3.91 (2H, m, 5-H 
overlapping 4-H, dd, J  9 .5, 4.7 Hz), 3.67 (1H, m, 6b-H), 3.42 (3H, s, OMe), 2.12, 2.09 (2 x 
3H, 2 x s, acetyl). 6C (DEPT, 5H 'H -^ C  './-COSY), 170.0 (C, C =0), 130.2 (C, Ph-C), 128.1,
127.2 (2 x CH, 7.47, 7.36 , Ph-C), 101.8 (CH, 5.52, 7-C), 100.0 (CH, 4.72, 1-C), 98.8 (CH, 
3.91, 4-C), 69.0 (CH2, 4.43, 3.67, 6-C), 65.8 (CH, 3.91, 5-C), 63.4 (2 x CH2, 4.53, 4.29, 4.13,
4.03, 2, 3-C), 55.2 (CH3, 3.42, OMe-C), 21.1 (CH3, 2.12, 2.09, Ac-C); MS (APCI) m/z 337 
(M - OMe); HRMS (ES+) calcd for C i8H240 8 (M+NH4+), 386.1809, found 386.1813, error 
-  1.03 ppm.
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Heptakis(6-0-te/7‘-butyldim ethylsilyl)-P-cyclodextrin 96
^ O H g .O Si<BuMe2 ~
\ 0 fBuMe2SiCI, imidazole, DMF
/  h o A
HO
o r fBuMe2SiCI, pyridine
[ 3 h o ]
- - 7 9 4  p-C yclodextrin -
I. Preparation by treatment of p-cyclodextrin 94 with imidazole and tert- 
butyldimethylsilyl chloride in AyV-dimethylformamide: A solution o f tert- 
butyldimethylsilyl chloride (3.1 g, 21 mmol) in anhydrous iV,jV-dimethylformamide (25 ml) 
was added dropwise with stirring over 30 min at r.t. to a mixture o f dried P-cyclodextrin 94 (3 
g, 2.6 mmol) and imidazole (2.9 g, 0.043 mmol). The mixture was stirred at r.t. for 15 days 
with TLC monitoring. The reaction mixture was added to water (150 mis), extracted with 
chloroform (4 x 100 mis) washed with HC1 (1M, 2 x 60 mis), washed with saturated sodium 
hydrogen carbonate (40 mis) and evaporated. Column chromatography using 
(chloroforrmethanol, 10:0 to 8:2) gave the title compound 96 (4.66 g, 91%) as white solid. Rf
0.3 in chloroforrmethanol; 85:15. 8 h ( 4 0 0 ,  CDCI3), 6.73 (OH, s, broad), 5.22 (OH, s, broad), 
4.84 (1H, d, J  3.3 Hz, 1-H), 4.00 (1H, t, J  9.1 Hz, 4-H), 3.84 (1H, d broad, 6a-H), 3.66 (1H, 
m, 5-H), 3.60 (1H, d, J  3.4 Hz, 6b-H), 3.56 (1H, m, 2-H), 3.52 (1H, m, 3-H), 0.83 (9H, 
C(CH3)3), 0.00 (6H, Si(CH3)2). 8C (DEPT, 5H *H-13C ^-COSY), 102.0 (CH, 4.84, 1-C), 81.7 
(CH, 4.00, 4-C), 73.6 (CH, 3.56, 2-C), 73.4 (CH, 3.52, 3-C), 72.5 (CH, 3.66, 5-C), 61.6 (CH2, 
3.84, 3.60, 6-C), 25.9 (CH3, 0.83, C(CH3)3), 18.3 (C, C(CH3)3), -5.1, - 5.2 (CH3, Si(CH3)2).
II. Preparation from te/7-butyldimethylsilyl chloride in dry pyridine: A solution o f |3- 
cyclodextrin 94 (1 g, 0.88 mmol) in dry pyridine (15 ml) was added to a solution o f tert- 
butyldimethylsilyl chloride (1 g, 6.63 mmol) in dry pyridine (6.5 ml) at 0°C, and stirred at r.t. 
for 20 hrs. Water was added (100 ml), then extracted with chloroform (4 x 50 mis), the 
organic phase was washed with HC1 (1M, 2 x 20 mis), washed with saturated sodium 
hydrogen carbonate (20 mis) and evaporated. Column chromatography (chloroform:ethanol, 
10:0 to 8:2) gave the title compound 96 (1.18 g, 70%) as white solid.
Attempted periodate cleavage o f heptakis(6-0-ter/-butyldimethylsilyl)-P-cyclodextrin 
176b
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HO
HO
7 96
i) HI04, THF, EtOH or 
N al04, CH3OH, H20
ii) NaBH4, EtOH
HO HO
7 1 7 6 b
I. Cleavage conditions for water insoluble diols: Heptakis (6-0-/er/-butyldimethylsilyl)-(3- 
cyclodextrin 96 (100 mg, 0.05 mmol) was dissolved in THF (1 ml), and ethanol (0.5 ml) with 
stirring at 0° C. Periodic acid (85.5 mg, 0.37 mmol) in THF (1 ml) was added to the solution 
mixture dropwise. The reaction mixture was left to stir for 1 hour. Ethylene glycol was added 
to decompose excess periodic acid and stirred for 20 min. Sodium borohydride (93.76 mg, 
2.478 mmol) in ethanol (3 ml) was added dropwise with stirring to the solution. Chloroform 
(50 ml) and water (100 ml) were added and the aqueous layer extracted with chloroform, (3 x 
30 ml). The chloroform extracts were combined, dried over magnesium sulphate, filtered and 
evaporated to give a black oil (127 mg).
II. Cleavage conditions for water soluble diols: Heptakis (6-0-ter7-butyldimethylsilyl)|3- 
cyclodextrin 96 (100 mg, 0.05 mmol) was dissolved in methanol (2.5 ml) with stirring and 
warming in a stoppered flask (100 ml). Sodium periodate (148.2 mg, 0.693 mmol) was 
dissolved in water (0.5 ml) with warming. The periodate solution was added to the sugar 
solution dropwise. A white precipitate formed which did not dissolve on warming or addition 
o f methanol (1 ml). Sodium hydroxide (8 M, 1 ml) was added, and the reaction left to stir for 
2h. Sodium borohydride (99.14 mg, 2.62 mmol) in ethanol (3 ml) was added slowly and the 
reaction stirred for 30 minutes. W ater (50 ml) was added and the mixture was extracted with 
chloroform (3 x 50 ml), dried over magnesium sulphate, filtered and evaporated to give a 
yellow powder (87 mg). The !H-NM R spectrum was identical to starting material.
2-0-/>-Toluenesulfonyl-4,6-0-benzylidene-methyl-a-D-glucopyranoside 108
p-TsCI, DMAP, pyridine
11
overnight, 50°C HOHO
HO
*<5 /  OMe 108OMe 3 6
14
13'
14'
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To 4,6-O-benzylidene-m ethyl-a-D-glucopyranoside 36 (2 g, 7.087 mmol) was added 
anhydrous pyridine (10 ml) with stirring at 0° C to r.t. in a stoppered flask. 4-Dimethylamin- 
pyridine (1.3 g, 7.087 mmol) and para-toluenesulphonyl chloride (1.35 g, 7.087 mmol) were 
added to the solution and the mixture was left to stir at 50 °C overnight. W ater (70 ml) was 
added to the reaction m ixture which was extracted with chloroform (3 x 60 ml). The 
combined organic extracts were washed with hydrochloric acid (2M, 2 x 50 ml), saturated 
sodium hydrogen carbonate (60 ml) and copper sulphate (60 ml), dried over Na2S04 and 
evaporated to give a mixture o f  2-O-tosylate 108 and starting material 36 as an oil (1.6 g). 
Purification o f  a portion (100 mg) by flash chromatography on silica using chloroform to 
ethanol gradient gave the title compound (50 mg, 46 %) as yellow pale solid. Rf 0.3 in 
chloroform:ethanol; 97:3; 5H (400, CDC13), 7.77 (2H, d, J  8.3 Hz, 13, 13’-H), 7.38 (2H, d, J
3.65 Hz, 9, 9 ’-H) 7.29 (5H, overlapping; 14, 14’-H, 10, lO’-H, 11-H), 5.42 (1H, s, 7-H), 4.76 
(1H, d, J 3 .7  Hz, 1-H), 4.30 (1H, dd, J9 .3 7 , 3.7 Hz, 2-H), 4.19 (1H, dd, J  10.1, 4.7 Hz, 6a-H),
4.08 (1H, t, J 9 .3 3  Hz, 3-H), 3.75 (1H, m, 5-H), 3.64 (1H, t, J  10.2 Hz, 6b-H), 3.39 (1H, t, J
9.4 Hz, 4-H), 3.28 (3H, s, OM e), 2.37 (3H, s,16-H). 5C (DEPT, 5H *H-13C V-COSY), 145.2 
(C, 15-C), 136.8 (C, 8-C), 133.2 (C, 12-C), 129.8 (CH, 7.29, 14-C), 129.3 (CH, 7.29, 11-C), 
128.3 (CH, 7.29, 10-C), 128.1 (CH,7.77, 13-C), 126.2 (CH, 7.38, 9-C), 101.9 (CH, 5.42, 7-C),
98.2 (CH, 4.76, 1-C), 80.9 (CH, 3.39, 4-H), 79.5 (CH, 4.30, 2-C), 68.7 (CH2, 4.19, 3.64, 6-C),
68.3 (CH, 4.08, 3-C), 61.9 (CH, 3.75, 5-C), 55.7 (CH3, 3.28, C-OMe), 21.7 (CH3, 2.37, 16- 
C );
2,3-Anhydro-4,6-0-benzylidene-a-methyl-D-mannopyranoside 109
Ph
HO
HO
OMe 36
Ph
HO
TsO
Ph
O
PEG, NaOH, PhH
OMe 108
I. P rep ara tio n  from  tre a tm e n t w ith  potassium  ferf-butoxide in TH F: The crude reaction 
mixture o f  4,6-O-benzylidene-m ethyl-a-D-glucopyranoside 36 and 2-<9-tosyl-4,6-0- 
benzylidene-m ethyl-a-D-glucopyranoside 108 (300 mg) was dissolved in THF (24 ml) with 
stirring at 0°C. Potassium ter/-butoxide (77.08 mg, 0.687 mmol) was added to the solution 
which was left to stir for 4 days at rt. W ater (20 ml) was added to the reaction mixture washed
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with hydrochloric acid (2 M, 10 ml), extracted with ethyl acetate (3 x 10 ml), dried over 
magnesium sulphate and evaporated. Purification by flash chromatography on silica eluting 
with chloroform and ethyl acetate gave the title compound 109 (7 mg, 4%) as a powder. Rf 0.5 
in chloroform; IR (CH2C12), cm ' 1 3026, 2925, 1452, 1376, 1240, 1124, 1084, 1009, 968, 956, 
920, 849, 814, 746, 692; 5H (400, CDC13), 7.43 (2H, d, J  1.84 Hz, Ph-H), 7.30 (3H, m, Ph-H, 
overlapping) 5.39 (1H, s, 7-H), 4.81 (1H, s, 1-H), 4.23 (1H, dd, J  10.3, 4.6 Hz, 6a-H), 3.93 
(1H, m, 5-H), 3.74 (1H, d, J 9 .6  Hz, 4-H), 3.60 (1H, t, J  10.3 Hz, 6b-H), 3.44 (1H, d, J3 .5  Hz,
3-H), 3.19 (3H, s, OMe), 3.05 (1H, d, J 3 .6  Hz, 2-H); 5C(DEPT, 5H ]H -13C lJ-COSY), 129.3 
(C, Ph), 128.4, 126.2 (CH, Ph), 102.5(CH, 5.39, 7-C), 96.9 (CH, 4.81, 1-C), 74.9 (CH, 3.74,
4-C), 69.4 (CH2, 4.23, 3.60, 6-C), 61.7 (CH, 3,93, 5-C), 55.8 (CH3, OMe-C), 53.9 (CH, 3.44,
3-C), 50.6 (CH, 3.05, 2-C); MS (APCI) m/z 265 (MH+).
II. P repara tion  from  tre a tm e n t w ith polyethylene glycol and sodium  hydroxide in 
benzene: To a solution o f  polyethylene glycol (26 g) and benzene (4 ml) was added the crude 
reaction mixture o f 4,6-O-benzylidene-methyl-a-D-glucopyranoside 36 and 2-O tosyl-4 ,6-0- 
benzylidene-methyl-a-D-glucopyranoside 108 (500 mg). Saturated sodium hydroxide (0.5 ml) 
was added to the mixture and refluxed for 18 hr. Water (30 ml) was added to the reaction 
mixture, washed with hydrochloric acid (1 M, 10 ml), extracted with chloroform (3 x 20 ml), 
dried over magnesium sulphate and evaporated. Purification by flash chromatography on 
silica eluting with chloroform and ethyl acetate gave the title compound 109 (200 mg, 75%)
3-(4 '-te/7-B utylbenzylthiol)-4,6-0-benzyIidene-m ethyl-a-D -altropyranoside 190
NaOCH3, CH3OH
OMe 1 0 9
10 HO
O
,S OMe 190
14
A solution o f 4-ter/-butylbenzyl thiol (0.085 ml, 0.454 mmol) and sodium methoxide (0.022 
g, 0.416 mmol) in methanol (5 ml) was added dropwise to the epoxide 109 (100 mg, 0.378 
mmol) and left to stir at r.t. for 1 day and then refluxed for 2 d. Aqueous sodium hydrogen
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carbonate (3 ml) and dichloromethane ( 10 ml) was added and the organic phase extracted 
with dichloromethane (3 x 20 ml), washed with water (10 ml), dried over anhydrous sodium 
sulphate and evaporated. Purification o f the crude reaction mixture using a slow gradient of 
petroleum ether and ethyl acetate 80:0 to 50:30 gave the title compound 190 (31 mg, 30%) as 
a white powder; Rf 0.4 in petroleum ether and ethyl acetate, 70:30; mp 175-177 °C; [a]D23 -
86.6 (c 1.0, CHC13); IR (CH2CI2), cm' 1 3420, 2963, 1640, 1456, 1364, 1217, 1108, 1032, 754, 
698; 5h (400 MHz, C6D6) 7.80(2H, 2 x d, J  1.7 Hz, 9, 9’-H), 7.45 (3H, d, J  7.3 Hz, 
overlapping, 11, 14, 14’-H), 7.32 (2H, m, 10, lO’-H), 7.20 (2H, d, J  8.3 Hz, 15, 15’-H), 5.54 
(1H, s, 7-H), 4.77 (1H, m, 5-H), 4.43 (1H, dd, 79 .3 , 4.0 Hz, 4-H), 4.39 (1H, s, 1-H), 4.35 (1H, 
dd, J  10.3, 5.2 Hz, 6a-H), 4.17 (1H, d, J  12.8 Hz, 12a-H), 3.95 (2H, dd, J  12.9, 4.42 Hz, 
overlapping o f 2-H, 12b-H), 3.80 (1H, t, J  10.3 Hz, 6b-H), 3.40 (1H, dd, 73 .3 , 2.4 Hz, 3-H), 
3.13 (3H, s, OMe), 1.28 (9H, C(CH3)3). 5C(DEPT, 5H ‘H -^C  V-COSY), 137.5 (C, 13 or 16- 
C), 134.8 (C, 13 or 16-C), 131.7 (C, 8-C), 129.4 (C, 11-C), 128.9 (CH, 7.20, 15-C), 128.1 
(CH, 7.45, 14-C), 125.6 (CH, 7.80, 9-C), 125.3 (CH, 7.32, 10-C), 102.2 (C, 5.54, 7-C), 100.9 
(CH, 4.39, 1-C), 76.7 (CH, 4.43, 4-C), 71.6 (CH, 3.95, 2-C), 67.9 (CH2, 4.35, 3.80, 6-C), 58.7 
(CH, 4.77, 5-C), 53.0 (CH3, 3.13, OMe-C), 44.9 (CH, 3.40, 3-C), 36.9 (CH2, 4.17, 3.95, 12- 
C), 33.0 (CH3, 1.28, (CH3)3), 27.6 (C, 17-C); MS (APCI) m/z 445 (MH4); HRMS (ES4) calcd 
for C25H320 5Si (M + H4) 445.2043, found 445.2038, error 1.12 ppm.
Heptakis (2-0-/M oluenesulfonyl-6-0-ter/-butyldiinethylsilyl)-p-cyclodextrin 112104
HO
7 112
HO p-TsCI, DMAP, pyridine
HO 24 hr., 50°C
7 96
To heptakis(6-0 -ter/-butyldimethylsilyl)-p-cyclodextrin 96 (100 mg, 0.05 mmol) was added 
anhydrous pyridine (2.5 ml) with stirring at r.t. in a stoppered flask. 4-Dimethylaminopyridine 
(120 mg, 0.98 mmol) and /?<2ra-toluenesulphonyl chloride (194 mg, 1.01 mmol) were added to 
the solution and the mixture was stirred for 24 hr at 50 °C. Water (10 ml) was added to the 
reaction mixture which was extracted with chloroform (3 x 20 ml). The organic extracts were 
washed with hydrochloric acid (2M, 2 x 30 ml), saturated sodium hydrogen carbonate (30 mis
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and saturated copper sulfate (10 ml), dried over Na2SC>4 and evaporated. Purification by flash 
chromatography on silica eluting with chloroform and ethyl acetate gave the title compound 
112 (93.4 mg, 62 %) as white solid. §H (400, CDC13), 7.80 (2H, d, J  8.7 Hz, tosyl, 8, 8’-H), 
7.36 (2H, d, 8.7 Hz, tosyl, 9, 9 ’-H), 5.20 (1H, d, J 3 .7  Hz, 1-H), 4.25 (1H, dd, J 9 .9 , 3.7 Hz, 2- 
H), 3.86 (1H, dd, J  11.6, 2.8 Hz, 6a-H), 3.82 (1H, t, J 9 .3  Hz, 3-H), 3.65-3.62 (2H, dt, J  10.2,
9.4 Hz , 4-H, 6b-H), 3.48 (1H, m, 5-H), 2.45 (3H, s, tosyl), 0.84 (9H, C(CH3)3), 0.00 (6H, 
Si(CH3)2). 5c (DEPT, 5H ’H -13C V-COSY) 145.1 (C, tosyl, 10-C), 133.0 (C, tosyl, 7-C), 129.6 
(CH, 7.36, tosyl, 9, 9 ’-C), 128.3 (CH, 7.80, tosyl, 8, 8’-C), 98. 9 (CH, 5.20, 1-C), 80.0 (CH, 
3.65, 4-C), 79.8 (CH, 4.25, 2-C), 72.5 (CH, 3.48, 5-C), 69.9 (CH, 3.82, 3-C), 61.6 (CH2, 3.86, 
3.62, 6-C), 25.8 (CH3, 0.84, (CH3)3), 21.8 (CH3, 2.45, tosyl, CH3), 18.3 (C, C(CH3)3), -5.1, -
5.3 (CH3, Si(CH3)2).
Heptakis (2,3-anhydro)-|3-cyclomannin 1171(b
7 117
OSi'BuMe-
NaH.THFHO
OTs 29 hr., r.t.
7 1 1 2
To a solution o f heptakis(2-O-tosyl-6-0-ter/-butyldimethylsilyl)-P-cyclodextrin 112 (100 mg, 
0.033 mmol) in THF (5.5 ml) was added NaH (994 mg, 41.41 mmol) slowly with stirring. 
The mixture was left to stir for 29 hrs at room temperature. Isopropanol was added slowly to 
stop the reaction. Hydrochloric acid (2M) was added to neutralise mixture and then extracted 
with ethyl acetate (2 x 100 ml) and dried over Na2SC>4, filtered and evaporated to give a white 
solid. Purification by column chromatography using chloroform and ethyl acetate (10:0 to 
0:10) gave the title compound l \ l  (47.7 mg, 82%) as a solid. Rf 0.3 in dichloromethane:ethyl 
acetate; 90:10. 5H(400, CDC13), 5.13 (1H, s, 1-H), 4.10 (1H, d, .79.0 Hz, 4-H), 3.87 (1H, dd, J
11.6, 3.13 Hz, 6a-H), 3.64 (1H, d, J  11.1 Hz, 6b-H), 3.51 (1H, d, J 7 .9  Hz, 5-H), 3.29 (1H, d, 
J 3.6 Hz, 2-H), 3.09 (1H, d, J3 .5 4 , 3-H), 0.85 (9H, C(CH3)3), 0.00 (6H, Si(CH3)2). 5C(DEPT, 
5h !H -13C V-COSY) 96.2 (CH, 5.13, 1-C), 70.8 (CH, 3.51, 5-C), 70.7 (CH2, 3.87, 3.64, 6-C),
69.8 (CH, 4.10, 4-C), 68.0 (CH, 3.29, 2-C), 49.1 (CH, 3.09, 3-C), 25.9 (CH3, 0.85, (CH3)3),
17.3 (C, C(CH3)3), -4.1, - 4.7 (CH3, Si(CH3)2).
Heptakis(3-deoxy-3-(4'-terf-butylbenzyIthiol)-6-0-ter7-butyldimethylsilyl)-P-cycloaItrin
191
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OSi/BuMe2
p-fBuC6 H4CH2SH 
NaOCH3, CH3OH
7 11 7
OSifBuMe2
OH
Altro, 4 C-| 191
OSi(BuMe2
Altro, 1 C4
— 7
A solution o f 4-tert-butylbenzyl thiol (397.6 mg, 0.41 ml, 2.205 mmol) and sodium 
methoxide (107 mg, 1.984 mmol) in methanol (4 ml) was added dropwise to a solution of 
epoxide 117 (50 mg, 0.027 mmol) in methanol (4 ml) and refluxed for 2 days. Aqueous 
sodium hydrogen carbonate (10 ml) and chloroform (20 ml) added and the organic phase was 
extracted with chloroform (3 x 20 ml), washed with water (10 ml), dried over anhydrous 
sodium sulfate and evaporated. Purification o f the crude reaction mixture using a slow 
gradient o f chloroform: ethyl acetate gave the title compound 191 as a white powder (60 mg, 
75 % yield). Rf 0.6 in petroleum ether:ethanol, 70:30; mp 125-126 °C; [a]o23 -97 (c 1.0, 
CHCI3); IR (CH 2CI2), 3419, 2955, 2857, 1510, 1471, 1358, 1258, 1099 1024, 835, 775, 650 
cm 'l; 5h (500 MHz, C6D6), 7.38, (2H, d, J 8 .3  Hz, 9a-H, 9b-H), 7.20 (2H, d, J 8 .3  Hz, lOa-H, 
lOb-H), 4.90 (1H, d, J  6.6 Hz, 1-H), 4.44 (1H, dd, J  11.0, 6.7 Hz, 2-H), 4.35 (1H, ddd, J 5 .0 , 
4.1, 3.8 Hz, 5-H ), 4.20 (1H, d, J  13.2 Hz, 7a-H), 4.15 (1H, t, J  3.8 Hz, 4-H), 3.90 (1H, d, J
13.2 Hz, 7b-H), 3.80, (1H, dd, J  10.7, 4.0 Hz, 6a-H), 3.70 (1H, dd, J  10.8, 5.0 Hz, 6b-H), 3.57 
(OH-2, s), 3.25 (1H, dd, J  11.0, 4.2 Hz, 3-H), 1.20 (9H, s, C(CH3)3), 0.92 (9H, s, Si(C(CH3)3), 
0.0 (6H, s, Si(CH3)2). 8c (DEPT, 5H !H-13C V-COSY), 149.4 (C, 12-C), 136.0 (C, 8-C), 129.2 
(CH, 7.38, 9-C), 125.4 (CH, 7.20, 10-C), 106.8 (CH, 4.90, 1-C), 80.0 (CH, 4.15, 4-C), 76.9 
(CH, 4.35, 5-C), 74.0 (CH, 4.44, 2-C), 63.3 (CH2, 3.80, 3.70, 6-C), 48.2 (CH, 3.25, 3-C), 36.9 
(CH2, 4.20, 3 .9 0 ,1-C), 34.2 (C, 12-C), 31.3 (CH3, 1.20, C(CH3)3), 26.0 (CH3, 0.92, Si(CH3)3),
18.3 (C, Si(C(CH3)3), 1.15 (CH3, 0.0, Si(CH3)2); MS m/z MALDI [M+K+] Ci61H2660 28S7Si7K 
found 3109.5, which is at the centre o f the ion cluster (Table 34, c f  chart in section 4.2.3.1.2, 
page 72).
Table 34. Nominal mass abundance data for Ci6iH266028S7Si7K
Mass Abundance Mass Abundance Mass Abundance
3106.5 29.3 3110.5 86.6 3114.5 12.9
3107.5 66.4 3111.5 64.1 3115.5 6.3
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3108.5 94.5 3112.5 41.7.... 3116.5 2.8
3109.5 100 3113.5 24.3 3117.5 1.2
(±)-7>a/fs-2-methoxycyclohexanol 193
6
NaOMe
MeOH
'/OMe
Cyclohexene oxide 192 (0.081 mg, 0.825 mmol) was added to a solution o f L-cysteine 157a 
(0.1 g, 0.825 mmol) and sodium methoxide (0.044 mg, 0.825 mmol) in methanol (1.5 ml) and 
left to stir at r.t. for 24 h. under nitrogen. The reaction mixture was acidified with 
hydrochloric acid (1M), and then neutralised with saturated sodium hydrogen carbonate. The 
reaction mixture was extracted with ethyl acetate ( 3 x 1 0  ml), dried over magnesium sulphate 
and evaporated to collect the title compound 193 in 38 % yield. Unreacted L-cysteine 157a (in 
60 % yield) was collected from the aqueous phase.
(±)-7>a«s-2-inethoxycyclohexanol 193 and (±)-tra/fs-l,2-dicyclohexanol 194
lOH ^ O H
Q NaOMe a .. aMeOH _ _ „  _ _1 9 2  OMe 1 9 3  ^  OH 194
Cyclohexene oxide 192 (0.081 mg, 0.825 mmol) was added to a solution o f  sodium 
methoxide (0.044 mg, 0.825 mmol) in methanol (1.5 ml), and left to stir at r.t. for 24 h. The 
reaction mixture was acidified with hydrochloric acid (1M), and then neutralised with 
saturated sodium hydrogen carbonate. The reaction mixture was extracted with ethyl acetate 
(3 x 10 ml), dried over magnesium sulphate and evaporated. Purification by column 
chromatography using a slow gradient o f petroleum ether : ethyl acetate gave trans-2- 
methoxycyclohexanol 193 (33 mg, 25 %) as a yellow oil and also /rara'-l,2-dicyclohexanol 
194 (61 mg, 52 %) as powder in a ratio o f 1:2 respectively; Rf 0.6, 0.4 in petroleum 
ether:ethyl acetate, 70:30 respectively; NMR data for /ra/is-2-methoxycyclohexanol 19315°, 
5h (400 MHz, CDC13), 3.33 (3H, s, OMe), 2.85 (1H, m, 1-H), 2.60 (OH, s), 2.05 (1H, m, 2- 
H), 1.93 (1H, m, 3a-H), 1.69-1.58 (2H, m, 3b-H, 6a-H), 1.26-1.12 (5H, m, 4a, 4b, 5a, 5b, 6b- 
H). 6c (100 MHz, CDCI3), 85.4 (CH, 2.85, 1-C), 74.1 (CH, 2.05, 2-C), 56.7 (CH3, 3.33, 
OMe), 32.4 (CH2, 1.69, 1.26, 6-C), 28.7 (CH2, 1.93 1.69, 3-C), 24.5 (CH2, 1.26, 4-C), 24.3 
(CH2, 1.26, 5-C); IR (film),cm' 1 2915, 2855, 2353, 1734, 1709, 1458, 1378, 1257, 1087, 1031, 
800. NMR data for fra/fs-l,2-dicyclohexanol 194. 8H (400 MHz, CDCI3), 3.30 (OH, s), 2.70
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(2H, overlapping, 1 -H, 6-H), 1.92 (2H, overlapping, 2a-H, 5a-H), 1.64 (2H, overlapping, 2b- 
H, 5b-H), 1.22 (4H, overlapping, 3a, 3b, 4a, 4b-H). 8C (100 MHz, CDC13), 75.3 (2 x CH, 2.70,
1-C, 6-C), 31.5 (2 x CH2, 1.92, 1.64, 2-C, 5-C), 23.0 (2 x CH2, 1.22, 3-C, 4-C).
7>a/is-l-(2-amino-2-carbonylethylthio)-2-cyclohexanol 195
HS,
O
192
H a N ^ ^ C O f
1 5 7 a
H2 0 ,  r.t., 4 d.
B
(R )* ' S
(R )^  C 0 2
196
®NH3 (1R,2R,8R)
Cyclohexene oxide 192 (0.2 g, 2.037 mmol) was added to a solution o f L-cysteine 157a (0.2 
g, 1.65 mmol) in H20  (3.5 ml) and left to stir at r.t. for 4 days under nitrogen. Water (20 ml) 
was added to the reaction mixture which was extracted with diethyl ether (3 x 30 ml). The 
aqueous phase was evaporated in vacuo to give a mixture o f diastereoisomers 195, 196 (0.22 
g, 52%) as a white powder. Rf 0.48 in chloroform : methanol, 50:50. mp 225-227°C; IR 
(KBr), 3317, 3196, 3005, 2925, 2855, 2573, 2081, 1608, 1527, 1449, 1402, 1356, 1262, 1229, 
1158, 1118, 1070, 1039, 964, 917 cm’1; 5H (500 MHz, CDC13), 3.27-3.21 (2H, dd, J  7.0, 4.9 
Hz, 2-H, 8-H overlap), 2.76 (1H, ddd, J  13.2, 8.1, 5.1 Hz, 7a-H), 2.67 (1H, td, J  13.7, 7.0 Hz, 
7b-H), 2.39 (1H, ddd, J 11.5, 9.3, 4.4 Hz, 1-H), 1.92 (1H, dd, J 9.3, 3.7 Hz, 6a-H), 1.83 (1H, t, 
J 2 A  Hz, 3a-H), 1.58-1.48 (2H, m, overlap, 4a-H, 5a-H), 1.23 (1H, dd, J  15.5, 3.3 Hz, 6b-H), 
1.19 (1H, dd, J  12.3, 8.7 Hz, 3b-H), 1.12 (1H, dd, J  10.6, 8.4 Hz, 5b-H), 1.08 (1H, dd, J  12.6,
2.0 Hz, 4b-H). 5c (DEPT, 5H ‘H -^C  V-COSY), 180.9 (C = O, 9-C), 73.0 (CH, 3.27, 2-C),
55.4 (CH, 3.27, 8-C), 51.2 (CH, 2.39, 1-C), 35.1 (CH2, 2.76, 2.67, 1-C), 34.2 (CH2, 1.83,
1.19, 3-C), 32.4 (CH2, 1.92, 1.23, 6-C), 25.2 (CH2, 1.48, 1.08, 4-C), 23.8 (CH2, 1.48, 1.12, 5- 
C); MS (ES+) m/z 220.1 (M+H+); HRMS (ES+) calcd for C9H i7S 0 3N (M+H4), 220.1002, 
found 220.1002, error 0.0 ppm.
2-Benzyloxycarbonyl amino-3-(2-hydroxy-cyclohexylsulfanyl)-propionic acid 198
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NO.
CO.
198
53 % yield
OH
197
©NH-
EtN'Pr2, EtOH, rt, 3d
OH 1 9 5 , 1 9 6  mixture of 
diastereoisomers 1 99  6
40 % yieldO
To a solution o f  fra«s-l-(2-amino-2-carbonylethylthio)-2-cyclohexanol 195,196 (0.2 g, 0.912 
mmol) in ethanol (3 ml) was added benzyl 4-nitrophenyl carbonate 197151 (0.27 g, 1.003 
mmol) and A-ethyldiisopropylamine (0.12g, 0.912 mmol) which was left to stir at r.t. for 3 d. 
The reaction mixture was acidified with 1M hydrochloric acid (2 ml), then extracted with 
dichloromethane (3 x  30 ml), and evaporated. Column chromatography o f the crude mixture 
using petroleum ether and diethyl ether gave the title compound 198 (173 mg, 53 %) as a 
white powder, plus the benzyl ethyl carbonate 199 as an oil (72 mg, 40 %).
2-Benzyloxycarbonyl am ino-3-(2-hydroxy-cyclohexylsulfanyl)-propionic acid 198: Rf0.3 
in petroleum ether:ethanol, 85:15. mp 95-96°C; IR (CH2C12), 3397, 1628, 1452, 1383, 1320, 
1088, 824 cm '1; SH (500 MHz, CD3OD), 7.30-7.15 (5H, m, Ph-H), 5.03 (2H, 2 x d, 12.6, 12a, 
12b-H), 4.90 (1H, d, J 6.4 Hz 10-H), 4.25 (1H, m, 8-H), 3.07 (1H, dd, J  13.8, 4.0, Hz, 7a-H), 
2.93 (1H, dd, J  13.7, 9.0 Hz, 7b-H), 2.42 (1H, dd, J  9.5, 4.5 Hz, 2-H), 1.95 (2H, m, 
overlapping, 1-H, 4a-H), 1.60 (2H, m, overlapping, 4b, 5a-H), 1.20 (5H, m, overlapping, 3a, 
3b, 5b, 6a, 6b-H,). 5C(DEPT, 5H ]H -13C V-COSY), 173.0 (C, 9-C), 157.0 (C, 11-C), 137.3 (C, 
13-C), 128.2, 127.1 (CH, 7.30-7.15, Ph-C), 73.5 (CH, 2.42, 2-C), 66.2 (CH2, 5.03, 12-C), 52.7 
(CH, 4.25, 8-C), 34.4 (CH2, 1.20, 3-C), 34.2 (CH2, 3.07, 2.93, 7-C), 32.9 (CH2, 1.20, 6-C),
25.2 (CH2, 1.60, 1.20, 5-C), 23.9 (CH2, 1.95, 1.60, 4-C); MS (APCI) m/z 336 (M -  H20 ); 
HRMS (ES+) calcd for C 17H23S0 5N (M+H+), 354.1370, found 354.1372, error - 0.6 ppm. 
Benzyl e ther carbonate  199: Rf 0.6 in chloroform:ethanol, 90:10; 8h (400 MHz, CDCI3), 
7.30 (5H, m, Ph-H, overlapping), 5.08 (2H, s, 4-H), 4.12 (2H, q, 7.1 Hz, 2-H), 1.23 (3H, t, 7.1 
Hz, 1-H); 5C (DEPT, 5H !H -13C V-COSY), 155.3 (C =0, 3-C), 136.2 (C-5), 128.4, 128.1,
127.3 (CH, 7.30, Ph-C), 67.6 (CH2, 5.08, 4-C), 63.2 (CH2, 4.12, 2-C), 13.9 (CH3, 1.23, 1-C); 
MS (APCI) m/z 181 (M + H+).
3-(2'-Amino-2'-carbonylethylthio)-4,6-0-benzylidene-a-methyl-D-altropyranoside 200:
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To a solution o f  2,3-anhydro-4,6-0-benzylidene-methyl-a-D-mannopyranoside 109 (50 mg, 
0.189 mmol) in ethanol (3 ml), was added a solution o f cysteine 157a (114.5 mg, 0.945 mmol, 
5 equiv.) in H2O (2 ml) dropwise with stirring. Potassium tert-butoxide (84.8 mg, 0.756 
mmol, 4 equiv.), was added and the reaction mixture refluxed at 120°C under nitrogen for 18 
h. The precipitates were collected using sinter filter funnel and evaporated in vacuo to give 
the title compound 200 (30 mg, 42 %) as white powder, mp 180-185°C; Rf 0.37 in petroleum 
ether : ethyl acetate, 70:30; [a]D23 +30 (c 1.0, H20 ); IR (nujol), 2972, 2893, 2843, 1630, 1599, 
1298, 1129, 1022, 976, 845, 722; 8H (500 MHz, D20 ), 7.60 (2H, d, J  2.8 Hz, 9, 9 ’-H), 7.52
Attempted reaction of heptakis(2,3-mflw«0-epoxide)-|3-cyclodextrin 117 and cysteine 
157a
(3H, m, 10, 10’, 11-H), 5.90 (1H, s, 7-H), 4.60 (1H, s, 1-H), 4.51 (1H, dd, J9 .6 , 4.3 Hz, 4-H),
4.33 (1H, dd, J  10.3, 5.1 Hz, 6a-H), 4.20 (1H, m, 5-H), 4.10 (1H, d, J  1.5 Hz, 2-H), 3.98 (1H, 
t, J  10.3 Hz, 6b-H), 3.40 (3H, s, OM e overlap with 13-H), 3.32 (1H, dd, J 3 .7 , 2.5 Hz, 3-H), 
2.98 (1H, dd, J  13.3, 4.5 Hz, 12a-H), 2.85 (1H, dd, 13.3, 7.9 Hz, 12b-H); SC(DEPT, SH 'H- 
13C './-COSY), 180.8 (COO, 14-C) 136.5 (C, 8-C), 129.7 (CH, 7.52, 11-C), 128.7 (CH, 7.52,
10-C), 126.2 (CH, 7.60, 9-C), 103.1 (CH, 5.90, 7-C), 101.9 (CH, 4.60, 1-C), 76.4 (CH, 4.51,
4-C), 73.5 (CH, 4.20, 5-C), 68.4 (CH2, 4.33, 3.98, 6-C), 59.5 (CH, 4.10, 2-C), 55.8 (CH, 3.40, 
13-H), 54.5 (CH3, 3.40, OMe), 49.6 (CH, 3.32, 3-C), 40.3 (CH2, 2.98, 2.85, 12-C).
O SifBuM e2
KO’Bu, EtOH
.O SifBuM e2~ O SifBuM e2
H3N C 0 2 1 8 5
7  Altro
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Heptakis(2,3-anhydo)-(3-cyclomannin 117 (50 mg, 0.028 mmol) was dissolved in ethanol (0.5 
ml) with stirring and warming. Potassium te/7-butoxide (88 mg, 0.784 mmol, 28 equiv.) was 
added to a solution o f  cysteine (119 mg, 0.98 mmol, 35 equiv.) in water (2 ml). The cysteine 
157a solution was added dropwise to the epoxide solution and refluxed for 3 days under N2. 
Water (10 ml) was added to the solution mixture and extracted with chloroform (3 x 20 ml). 
The organic layer dried over magnesium sulfate, filtered and evaporated to collect starting 
material (10 mg). The aqueous phase was evaporated in vacuo to give an oil.
4,6-0-benzylidene-2,3-dideoxy-a-D -gluco-hex-2-enopyranoside 203152
h2n NH-
EtOH, 18hr„ 80°C
OMe 1 0 9 OMe 2 0 3
To a solution o f  2,3-anhydro-4,6-0-benzylidene-a-m ethyl-D-m annopyranoside 109 (83 mg, 
0.315 mmol) in ethanol (2 ml) was added a solution o f thiourea (240 mg, 3.153 mmol) in 
ethanol (4 ml), which was heated at 80° C under nitrogen for 18 h. W ater (10 ml) was added 
and then the reaction mixture extracted with dichloromethane (3 x 30 ml). The organic 
extractions were collected, dried over sodium sulfate, filtered and evaporated. Purification by 
flash chromatography on silica eluting with petroleum ether and ethyl acetate gave the title 
compound 203 (40 mg, 51 %) as a white solid; Rf 0.42 in petroleum ether and ethyl acetate, 
80:20, 5h (400, CDCI3), 7.34, 7.29 (5H, m, Ph-H), 6.08 (1H, d, J  10.7 Hz, 3-H), 5.67 (1H, dt, 
J  10.4, 2.5 Hz, 2-H), 5.52 (1H, s, 7-H), 4.83 (1H, s, 1-H), 4.24 (1H, dd, J 9 .4 ,  3.6 Hz, 4-H), 
4.10 (1H, m, 5-H), 3.80-3.75 (2H, m, 6a-H, 6b-H), 3.39 (3H, s, OMe). 5C (DEPT, SH ‘H -13C 
V-COSY), 136.3 (C, Ph-C), 129.8 (CH, 6.08, 3-C), 128.2, 127.3, 125.6 (CH, Ph-C), 125.2 
(CH, 5.67, 2-C), 101.2 (CH, 5.52, 7-C), 96.0 (CH, 4.83, 1-H), 74.2 (CH, 4.24, 4-C), 68.4 
(CH2, 3.80, 3.75, 6-C), 63.0 (CH, 4.10, 5-C), 55.0 (CH3, 3.39, OMe-C).
Attempted reaction of heptakis-(2,3-anhydro)-|3-cycloinannin 117 and thiourea
7 201
NH2
2 d ., 80°C, 1 .5 d., 100°C
7 117
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PhPh
HO
10,
NC
OMe 213NC
To a solution o f  heptakis(2,3-anhydro)-(3-cyclomannin 117 (100 mg , 0.055 mmol) in DMF (3 
ml) was added a solution o f  thiourea (210 mg, 2.76 mmol) in 10 wt % H20/D M F (0.8 / 7.7 
ml) which was refluxed at 80 °C for 2 d. and 100 °C for 1.5 d. Water (30 ml) was added to the 
reaction mixture which was extracted with chloroform (3 x 40 ml). The organic extracts were 
washed with water (30 ml), dried over magnesium sulfate, filtered and evaporated to give a 
dark brown oil (77 mg). TLC o f  the crude product showed many components that could not 
be identified.
4.6-0-benzylidene-2,3-di-0-(cyanoethyl)-Methyl a-D-glucopyranoside 212, 4,6-0- 
benzylidene-2-0-(cyanoethyl)-methyl-a-D-glucopyranoside 213
Ph^ O ^ O
h o A ^ - ^ A  c h 3 c n ,  d b u
HO I
OMe 36
To a solution o f  4,6-0-benzylidene-methyl-a-D-glucopyranoside 36 (2 g, 7.085 mmol) in 
acetonitrile (50 mis) in a round bottom flask was added DBU (0.86 g, 5.6 mmol, 0.8 ml, 0.8 
equiv.) and the reaction was left to stir for 0.5 hr. Acrylonitrile (7.52 g, 141.7 mmol, 9.4 ml, 
20 equiv.) was added dropwise to give a clear pale yellow solution which was left to stir at r.t. 
for 2d. The solution was evaporated and the residue was purified using chloroform and ethyl 
acetate to give the dicyanoethyl derivative 212 (1.15 g, 54 %) and the monocyanoethyl 
derivative 213 (0.54 g, 20 %) as white powders. Rf 0.5, 0.3 respectively in chloroform : ethyl 
acetate, 50:50.
4.6-0-Benzylidene-2,3-di-0-(cyanoethyl)-methyl-a-D-glucopyranoside 212: mp 109-
111°C; [a]D23 +91.5 (c 1.0, CHC13); IR (CH2C12), 3428, 2937, 2435, 2245, 1634, 1450, 1368, 
1091, 996, 747, 696 cm '1; 5H (500 MHz, C6D6),7.78 (2H, d, J  7.29 Hz, overlapping, Ar-H), 
7.38 (2H, t, J 7 .6 4  Hz, overlapping, Ar-H), 7.27 (1H, d, J 2 .4  Hz, Ar-H), 5.42 (1H, s, 7-H),
4.65 (1H, d, J 3 .7  Hz, 1-H), 4.22 (1H, dd, J  10.2. 5.0 Hz, 6a-H), 3.90 (1H, m, 5-H), 3.80 (1H, 
t, J  9.2 Hz, 3-H), 3.57 (3H, t, J  10.3 Hz, 6b-H, overlapping with lOa-H, 8a-H), 3.43, (2H, 
overlapping, t, J  9.3 Hz, 4-H, dd, J  11.8, 9.9 Hz, lOb-H), 3.18 (3H, s, OMe), 3.15 (2H, 
overlapping, dd, J  12.4, 9.3 Hz, 8b-H, dd, J 9 .0 , 3.4 Hz, 2-H), 2.00 (1H, dq, y  7.5, 5.1 Hz, 9a- 
H), 1.83 (1H, dq, J 6 .5 ,  4.9 Hz, 9b-H), 1.73 (2H, d d ,J 6 .2 ,5 .4  Hz, lla -H , llb -H ). 8C(DEPT, 
8h !H -13C 'J-COSY), 137.0 (C, Ar-C), 129.0 (CH, 7.27, Ar-C), 128.0 (CH, 7.38, Ar-C), 126.5 
(CH, 7.78, Ar-C), 117.4 (CN), 116.5 (CN), 102.6 (CH, 5.42, 7-C), 98.8 (CH, 4.65, 1-C), 82.1
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(CH, 3.43, 4-C), 80.1 (CH, 3.80, 3-C), 78.6 (CH, 3.15, 2-C), 69.0 (CH2, 4.22, 3.57, 6-C), 67.2 
(CH2, 3.57, 3.43, 10-C), 66.4 (CH2, 3.57, 3.15, 8-C), 62.4 (CH, 3.90, 5-C), 55.0 (CH3, 3.18, 
OMe-C), 18.7 (CH2, 2.00,1.83, 1.73, 9-C or 11-C), 18.6 (CH2, 2.00, 183, 1.73, 9-C or 11-C); 
MS (EI/CI) m/z 389.2 (M + H); HRMS (ES+) calcd for C20H24O6N2 (M+H*) 389.1707, found 
389.1708, e rro r- 0 .2 5  ppm.
4,6-0-Benzylidene-2-0-(cyanoethyl)-methyl-a-D-glucopyranoside 213: mp 123 - 124°C; 
[a]D23 +60.8 (c 1.0, CHC13); IR (CH2C12), 3455, 2916, 2250, 1452, 1089, 989, 919, 752, 700 
cm '1; 5h (500 MHz, CDC13), 7.42 (2H,d, J  2.1 Hz, d, J  1.8 Hz,Ar-H), 7.30 (3H, m, Ar-H),
5.40 (1H, s, 7-H), 4.81 (1H, d, J 3 .6  Hz, 1-H), 4.25 (lH ,dd, J  10.1, 4,7 Hz, 6a-H), 4.09 (1H, t, 
J 9.2 Hz, 3-H), 3.94 (1H, dd, J  16.0, 6.2 Hz, 8a-H), 3.87 (1H, t, J6 .7  Hz, 8b-H), 3.78 (1H, m,
5-H), 3.69 (1H, t, J  10.2 Hz, 6b-H), 3.41 (2H, t, J 9 .0  Hz, overlapping 2-H, 4-H), 3.38 (3H, s, 
OCH3), 2.60 (2H, dd, J 6 .8, 6.3 Hz, 9a-H, 9b-H). 5C (DEPT, 5H !H-13C V-COSY), 136.9 (C, 
Ar-C), 128.4, 128.3 (CH, 7.30, Ar-C), 126.3 (CH, 7.42, Ar-C), 119.8 (CN), 102.1 (CH, 5.40,
7-C), 97.8 (CH, 4.81, 1-C), 81.4 (CH, 3.41, 4-C), 81.0 (CH, 3.41, 2-C), 70.55 (CH, 4.09, 3- 
C), 70.52 (CH2, 4.25, 3.69, 6-C), 67.2 (CH2, 3.94, 3.87, 8-C), 61.9 (CH, 3.78, 5-C), 55.5 
(CH3, 3.38, OCH3), 19.8 (CH2, 2.60, 9-C); MS (EI/CI) m/z 336.2 (M + H); HRMS (ES+) calcd 
for Ci7H2i0 6N (M+H+) 336.1442, found 336.1444, e rro r -0 .6  ppm.
Hexakis (6-0-te/7-butyldimethylsilyl)-a-cyclodextrin 110
'BuMe2SiCI
Pyridine 
-  6  9 2  a -C yclod extr in
HO
HO
J  6 110
A solution o f  a-cyclodextrin 92 (5 g, 5.14 mmol) in dry pyridine (40 ml) was added to a 
stirred, chilled (0° C) solution o f  terr-butyldimethylsilyl chloride (5 g, 33.4 mmol) in 
anhydrous pyridine (30 ml) over 30 minutes. The stirring was continued for 24 hrs. 
Chloroform (100 ml) and water (100 ml) was added to the reaction mixture and extracted with 
chloroform (3 x 70 ml). The organic extracts were then washed with 1M hydrochloric acid, 
and aqueous sodium hydrogen carbonate, dried over magnesium sulphate, filtered, and 
evaporated. Purification o f  the crude reaction mixture using a solvent gradient o f chloroform 
to ethanol gave the title compound 110 (3.05 g, 36%) as crystals. Rf 0.46 in 
chloroform:ethanol; 80:20. 5h (500 MHz, CDCI3), 4.85 (lH ,d, J  3.2 Hz, 1-H), 3.98 (1H, t, J
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9.0 Hz, 3-H), 3.88 (1H, dd, J  11.4, 3.4 Hz, 6a-H), 3.81 (1H, d b road ,./9.8 Hz, 5-H), 3.72 (1H, 
d, J  10.5, Hz, 6b-H), 3.61 (1H, dd, ./9 .6 , 3.2 Hz, 2-H), 3.54 (1H, t, 9.0 Hz, 4-H), 0.85 (9H, 
s, Si(C(CH3)3), 0.0 (6H, s, Si(CH3)2). 8C(DEPT, 5H ‘H -I3C ‘./-COSY), 101.3 (CH, 4.85, 1-C),
81.2 (CH, 3.54, 4-C), 74.5 (CH, 3.98, 3-C), 73.0 (CH, 3.61, 2-C), 72.1 (CH, 3.81, 5-C), 62.0 
(CH, 3.88, 3.72, 6-C), 26.0 (CH3, 0.85, C(CH3)3), 18.4 (C, C(CH3)3), -5.0, - 5.1 (CH3, 
Si(CH3)2).
Attempted cyanoethylation of hexakis (6-0-te/*-butyldimethylsilyl)-a-cydodextrin 110
OSi'BuMe;OSi'BuMe2
To a solution o f hexakis (6-0-ter/-butyldim ethylsilyl)-a-cyclodextrin 110 (200 mg, 0.122 
mmol) in acetonitrile (30 ml) in a round bottom flask was added DBU (0.04 g, 0.3 mmol, 0.4 
ml) and the reaction was left to stir for 0.5 hr. Acrylonitrile (0.4 g, 7.32 mmol, 0.5 ml) was 
added dropwise to give an orange-brown solution which was left to stir at r.t. for 2d. After 
that time, more DBU (0.05 ml) and acrylonitrile (1 ml) was added and the solution refluxed 
for 1 d. The solution was evaporated and the residue was purified using dichloromethane and 
ethanol to give yellow oil composed o f  a complex mixture (175 mg)
2,3-Di-0-aIlyl-4,6-0-benzylidene-methyl a-D-glucopyranoside 217
KO'Bu, THF
36
4,6-Obenzylidene-methyl-cc-D-glucopyranoside 36 (2 g, 7.085 mmol) was dissolved in 
distilled THF (40 ml) with stirring in a 100 ml stoppered flask. Potassium te/7-butoxide (3.2 g, 
28.34 mmol) was added to the solution, which became yellow solution immediately. To that 
solution, allyl bromide (8.6 g, 70.85, 6.2 mis) was added dropwise and left stirring at r.t. 
under nitrogen for 24 hr. Water (50 ml) was added to the solution mixture which was 
extracted with dichloromethane (3 x 100 ml). The organic layer was dried over magnesium
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sulphate, filtered and evaporated to give the title compound 217, (2.3 g, 90%) as a white 
powder. ]H-NMR showed pure compound and consequently no further purification was 
required. Rf 0.38 in petroleum ether:ethylacetate, 90:10; mp 60 - 61°C; [a]D23 +78 (<c 1.0, 
CHCI3); IR (film), 2915, 2863, 1646, 1454, 1374, 1087, 1053, 995, 924, 750, 699, 650 cm*1; 
8h (500 MHz, C6D6), 7.56 (5H, m, ar-H), 6.08 (1H, ddt, J  17.2, 10.2, 5.3 Hz, 14-H), 5.97 
(1H, ddt, J  17.2, 10.6, 5.3 Hz, 11-H), 5.47 (1H, s, 7-H), 5.39 (2H, dq, J  17.3, 1.8 Hz, 15-H, 
12-H), 5.13 (2H, dq, J  10.3, 1.8 Hz, 15-H, 12-H), 4.79 (1H, d ,J 3 .7 H z , 1-H), 4.49 (2H, d d t ,J
13.2, 5.3, 1.6 Hz, 13-H), 4.3 (1H, m, 6a-H), 4.23 (1H, t, J 9 2  Hz, 3-H), 4.21 (2H, ddt, J  13.0,
5.7, 1.5 Hz, 10-H), 4.04 (1H, ddd, J  10.0, 10.0, 5.0 Hz, 5-H), 3.65 (2H, m, 4-H, 6b-H), 3.55 
(1H, dd, J 9 .3 ,  3.7, 2-H), 3.2 (3H, s, OCH3). 8C (DEPT, SH ’H -^C  V-COSY), 135.9 (CH,
6.08, 14-C), 135.5 (CH, 5.97, 11-C), 127.8 (CH, 7.56, ar-C), 116.1 (CH2, 5.39, 5.13, 12-C),
115.5 (CH2, 5.39, 5.13, 15-C), 101.5 (CH, 5.47, 7-C), 99.4 (CH, 4.79, 1-C), 82.7 (CH, 3.65,
4-C), 79.8 (CH, 3.55, 2-C), 78.0 (CH, 4.23, 3-C), 73.7 (CH2, 4.49, 13-C), 72.3 (CH2, 4.21, 10- 
C), 69.1 (CH2, 4.3, 3.65, 6-C), 62.6 (CH, 4.04, 5-C), 54.8 (CH3, 3.2, 9-C); MS (EI/CI) m/z
363.3 (M + H); HRMS (ES+) calcd for C20H26O6 (M+H+) 363.1802, found 363.1803, error -  
0.27 ppm.
Attempted synthesis of 4,6-0-benzylidene-2,3-di-0-(but-2-enenitrile)-a-methyl-D- 
glucopyranoside 218
CH2 CI2, 2 d., reflux
Ph
NC.1 3 0  Grubb's 2nd generation catalyst
NCOMe 2 1 7
OMe 218
A solution o f Grubbs catalyst 130 (5 mol%, 6 mg) in distilled dichloromethane (0.7 ml), and 
acrylonitrile (29.4 mg, 0.552 mmol, 4 equiv., 0.04 ml) was added to 2,3-di-O-allyl-4,6-0- 
benzylidene-methyl-a-D-glucopyranoside 217 (50 mg, 0.138 mmol) slowly under nitrogen 
and the reaction mixture refluxed for 2 d. The reaction mixture was evaporated in vacuo. The 
'H-NMR spectrum o f the crude reaction mixture only allowed staring material to be identified 
(38 mg).
4,6-0-Benzylidene-2,3-di-0-2-ethanol-a-methyl-D-glucopyranoside 221
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A solution o f 2,3-di-0-allyl-4,6-0-benzylidene-a-methyl-D-glucopyranoside 217 (300 mg, 
0.83 mmol) in methanol (20 ml) was ozonolysed for 6 hr. Dimethyl sulfide (0.5 ml) was 
added and left to stirring for 10 min. A solution o f sodium borohydride (250 mg, 6.64 mmol) 
in ethanol (2 ml) was added slowly and the reaction stirred for overnight. Water (15 ml) and 
hydrochloric acid (1M, 10 ml) was added. The mixture was extracted with chloroform (3 x 50 
ml), dried over sodium sulfate, filtered and evaporated. Purification by flash chromatography 
on silica eluting with chloroform and ethanol gave the title compound 221 (260 mg, 85 %) as 
yellowish solid. Rf 0.4 in chloroform:ethanol; 97:03; mp 103-105°C; [a]D23 + 53.6 (c 1.0, 
CHCI3); IR (CH2CI2), 3417, 2925, 2875, 2343, 1649, 1453, 1368, 1087, 1052, 991, 921, 871, 
750, 692 cm '1; 6H (500, CDC13), 7.39 (2H, 2 x d, J  2.2, 1.5 Hz, 9, 9 ’-H), 7.28 (3H, m, 
overlapping 10, 10’, 11-H), 5.48 (1H, s, 7-H), 4.80 (1H, d, J  3.6 Hz, 1-H), 4.20 (1H, dd, J
10.0, 4.6 Hz, 6a-H), 3.88 (1H, dt, J  11.5, 4.2 Hz, 14a-H), 3.80 (1H, t, J 9 .3  Hz, 3-H), 3.78 
(1H, m, overlapping with H-3, 5-H), 3.76 ((1H, dt, 7 4 .9 , 2.1 Hz, 14b-H), 3.75 (1H, dd, 74 .6 , 
2 .0H z, 15a-H), 3.74 (1H, d t ,711 .5 , 4.9 Hz, 12a-H), 3.71 ( lH ,d t ,7 7 .6 , 2 .7H z, 13a-H ),3 .68 
(1H, dd, 7  10.0, 3.2 Hz, 6b-H), 3.67 (1H, dd, 7  12.9, 2.7 Hz, 13b-H), 3.64 (1H, dt, 7 4 .8 , 2.6 
Hz, 12b-H), 3.62 (1H, dt, 7  15.6, 4.5 Hz, 15b-H), 3.50 (1H, t, 7 9 .4  Hz, 4-H), 3.45 (1H, dd, 7
9.4, 3.6 Hz, 2-H), 3.37 (3H, s, OM e-H). 8C (DEPT, 8H 'H -i3C ‘7-COSY), 137.0 (C, 8-C),
129.2 (CH, 7.28, 11-C), 128.3 (CH, 7.28, 10-H), 126.0 (CH, 7.39, 9-C), 101.5 (CH, 5.48, 7- 
C), 98.4 (CH, 4.80, 1-H), 81.9 (CH, 3.50, 4-C), 80.4 (CH, 3.45, 2-C), 78.0 (CH, 3.80, 3-C),
74.5 (CH2, 3.88, 3.76, 14-C), 72.9 (CH2, 3.74, 3.64, 12-C), 69.0 (CH2, 4.20, 3.68, 6-C), 62.4 
(CH, 3.78, 5-C), 61.9 (CH2, 3.71, 3.67, 13-C), 61.7 (CH2, 3.75, 3.62, 15-C), 55.3 (CH3, 3.37, 
OMe-C); MS (ES+) m/z393.1 (M + Na+), HRMS (ES+) for C i8H260 8 (M + NH„+), 
388.1966, found 388.1967, e rro r-0 .2 5  ppm.
Heptakis(2,3-di-0-allyl-6-0-^rr-butyldimethylsilyI)-|3-cyclodextrin 219
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HO
HO
NaH, DMF o r
-Br NaH, DMF
219
7 96
To a stirred, chilled (0°C) solution o f  heptakis(6-0-terr-butyldimethylsilyl)-P-cyclodextrin 96 
(200 mg, 0.1 mmol) in dry A^N-dimethylformamide (6.1 ml) was added sodium hydride (0.2 g 
of a 60% oil immersion, rinsed 3 times with diethyl ether) and the mixture was stirred under 
nitrogen for 2 hr. at 0 °C and overnight at room temperature. Allyl bromide (1.1 ml) was then 
added dropwise and the reaction was left to stir for 1 day. Water (50 ml) and chloroform (50 
ml) added. Extracted with chloroform (3 x 50 ml), dried over sodium sulphate, filtered and 
evaporated. Purification o f the crude reaction mixture by column chromatography using a 
solvent gradient o f petroleum ether to ethyl acetate gave the title compound 219 (90 mg, 36%) 
as a syrup. Rf 0.5 in petroleum ethenethyl acetate, 95:5; [oi]d2 3  +80 (c 1.0, CHCI3); IR 
(CH2CI2), 2928, 2855, 1644, 1463, 1403, 1383, 1348, 1252, 1147, 1092, 1026, 926, 881, 825, 
780, 650 cm '1; SH (500 MHz, CDCI3) 6.05 (lH ,m , 8-H), 5.92 (1H, m, 11-H), 5.25 (2H, t, J
17.1 Hz, overlapping 9a-H, 12a-H), 5.20 (1H, d, J 3 .3  Hz 1-H), 5.10 (2H, t, J 8 .9  Hz, 9b-H, 
12b-H), 4.50 (1H, dd, J  11.8, 5.5 Hz, 7a-H), 4.25 (1H, dd, J 11.8, 5.9 Hz, 7b-H), 4.17 (3H, m, 
overlapping, 10-H, 10-H, 6a-H), 3.83 (1H, t, J9 .1  Hz 4-H), 3.72 (1H, t, J 9 .2  Hz, 3-H), 3.62 
(1H, d, J  11.4 Hz, 6b-H), 3.55 (1H, d, J 9 .4  Hz, 5-H), 3.21 (1H, dd, J9.7,  3.3 Hz, 2-H), 0.88 
(9H, s, Si(C(CH3)3), 0.0 (6H, s, Si(CH3)2). 8C (DEPT, SH ‘H -13C './-COSY) 136.4 (CH, 6.05,
8-C), 135.4 (CH, 5.92, 11-C), 116.5 (CH2, 5.25, 5.10, 9-C), 115.8 (CH2, 5.25, 5.10, 12-C),
98.2 (CH, 5.20, 1-C) 80.2 (CH, 3.21, 2-C), 79.4 (CH, 3.72, 3-C), 77.9 (CH, 3.83, 4-H), 74.7 
(CH2, 4.50, 4.25, 1-C),72.2 (CH, 3.55, 5-C), 72.1 (CH2, 4.17, 10-C), 62.3 (CH2, 4.17, 3.62, 6- 
C), 29.7 (CH3, 0.88), 18.3 (C, 0.88), -5.0 (CH3, 0.0); MS (MALDI) 2534.3 (M + K+), 
calcd for Ci26H224035Si7 (M + K+) 2534.4, found 2534.3, error 39.4 ppm.
Attem pted ozonolysis o f heptakis(2,3-di-0-allyl-6-0-ter/-butyldim ethyIsilyl)-P-cyclo- 
dextrin 219
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i) 0 3, CH3OH
ii) Me2S
iii) NaBH4, EtOH
7 2 1 9 HO 7 2 2 0
A solution o f  heptakis(2,3-di-O-allyl-6-0-ter7-butyldimethylsilyl)-P-cyclodextrin 219 (270 
mg, 0.108 mmol) in methanol (20 ml) was ozonolysed for 8 hr. Dimethyl sulfide (1 ml) was 
added and the reaction left to stir for 10 min. A solution o f sodium borohydride (230 mg, 
6.048 mmol) in ethanol (2 ml) was added slowly and the reaction mixture left to stir 
overnight. Water (20 ml) and hydrochloric acid (1M, 15 ml) were added. The mixture was 
extracted with chloroform (3 x 60 ml), dried over sodium sulphate, filtered and evaporated to 
give a complex mixture (260 mg) that could not be separated to give pure products.
6-Methoxy-2-phenyl-4,4a,6,6a,8,ll,12a,12b-octahydro[l,3]dioxine[4’,5’:5,6]pyrano[3,4- 
b][l,4]dioxocine 226
2 2 3  Grubbs' 2nd generation catalystPh
CH2 CI2 , 1 d., reflux 10'
OMe
2 1 7
OMe
2 26
13
Grubbs catalyst 223 (5 mol%, 12 mg) was added to a solution o f 2,3-di-0-allyl-4,6-O- 
benzylidene-methyl-a-D-glucopyranoside 217 (100 mg, 0.276 mmol) in distilled dichloro­
methane (10 ml), under nitrogen and refluxed for one day. The Grubbs catalyst was filtered 
off through silica gel and washed with dichloromethane. The organics were then evaporated. 
The crude reaction mixture purified by column chromatography using a solvent gradient of 
petroleum ether, ethyl acetate to give the title compound 226 (50 mg, 56%) as an oil. Rf 0.5 in 
petroleum ether:ethyl acetate, 60:40; [o i]d23 +47.8 (c 1.0, CHCI3); IR (film), 3441, 2363, 2097, 
1636, 1453, 1373, 1257, 1087, 941, 790, 695 cm '1; 5H (500 MHz, CDCI3), 7.45 (2H, 2 x d, J
2.2, 1.6 Hz, 9, 9 ’-H), 7.30 (3H, m, 10, 10’, 11-H), 5.68 (2H, m, 13, 14-H), 5.45 (1H, s, 7-H),
4.77 (1H, d, J 3 .8  Hz, 1-H), 4.40-4.35, (3H,overlapping, dd, J  15.1, 5.0 Hz, dd, J  10.1, 3.2 Hz 
observed, 12a, 15a, 15b-H), 4.28 (1H, dd, J  14.5, 4.3 Hz, 12b-H), 4.22 (1H, J  10.1, 4.8 Hz, 
6a-H), 3.81 (1H, m, 5-H), 3.77 (1H, t, J  10.0 Hz, 3-H), 3.66 (1H, t, J  10.3 Hz, 6b-H), 3.44 
(1H, t, J 9 .6  Hz, 4-H), 3.42 (1H, dd, J 9 .0 , 3.8 Hz, 2-H), 3.38 (3H, s, OMe-H), 5C (DEPT, 8H
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’H-13C V-COSY), 137.3 (C, 8-C), 130.2 (CH, 5.68, 13 or 14-C), 129.1 (CH, 7.30, 11-C),
128.8 (CH, 5.68, 13 or 14-C), 128.2 (CH, 7.30, 10-C), 126.3 (CH, 7.45, 9-C), 101.8 (CH, 
5 .4 5 ,1-C), 99.3 (CH, 4.77, 1-C), 80.7 (CH, 3.42, 2-C), 80.5 (CH, 3.44, 4-C), 79.1 (CH, 3.81,
5-C), 69.1 (CH2, 12 or 15-C), 68.9 (CH2, 12 or 15-C), 68.6 (CH2, 4.22, 3.66, 6-C), 62.2 (CH, 
3.77, 3-C), 55.3 (CH3, 3.38, OMe-C). MS (EI/CI) m/z 335.2 (M + H); HRMS (ES+) calcd for 
Ci8H2206 (M+H+) 335.1489, found 335.1491, error -  0.6 ppm.
(6iS',6a/?,12aS)-2-phenylperhydro[l,3]dioxino[4’,5, :5,6]pyrano[3,4-b][l,4]dioxocin-6-yl 
methylether 227 and 6siS, IS , 10/?, 10aiS)-octahydro-9-(hydroxymethyl)-7-methoxy-2H- 
pyrano[3,4-b][l,4]dioxocin-10-ol 228
HOPh'
HO
10% Pd/C 10'
OMe
OMe EtOAc, 24 h. OMe
229 14 228227
A solution o f 6-methoxy-2-phenyl-4,4a,6,6a,8,l l,12a,12b-octahydro[l,3]dioxine[4',5':5,6]py 
rano[3,4-b][l,4]dioxocine 226 (20 mg, 0.07 mmol) in ethyl acetate (2 ml) was hydrogenated 
at atmospheric pressure over 10 % palladium on carbon for 24 hr. The catalyst was filtered off 
and washed with ethyl acetate and then evaporated. Purification by column chromatography 
using a solvent gradient o f petroleum ether to ethyl acetate gave the title compound 227 (16.6 
mg, 72 %) as a yellowish oil. Rf 0.46 in petroleum ether:ethyl acetate, 60:40 and also 228 (4.3 
mg, 25 %) as an oil. Rf 0.4 in dichloromethane:methanol, 90:10.
(6S,6a/?,12a5)-2-phenylperhydro[l,3]dioxino[4’,5’:5,6]pyrano[3,4-b][l,4]dioxocin-6-yl 
methylether 227: [a]D23 + 36 (c 1.0, CHC13); IR (film), 2955, 2922, 2852, 1462, 1377, 1093, 
986, 740, 695 cm '1; 5H (500 MHz, C6D6), 7.80 (2H, d ,J7 .2  Hz, 9, 9 ’-H), 7.30 (3H,m, 10, 10’,
11-H), 5.50 (1H, s, 7-H), 4.78 (1H, d, J 3 .5  Hz, 1-H), 4.30 (1H, dd, .710.1, 5.0 Hz, 6a-H), 4.19 
(1H, t, J9.3Hz,  3-H), 4.10 (1H, dd, J  11.8, 5.1 Hz, 12-H) 4.07 (1H, m, 5-H), 4.03 (1H, m, 15- 
H), 3.74 (1H, m, 15-H), 3.72 (1H, dd, J  11.4, 3.9 Hz, overlapping with 3.74, 12-H), 3.65 (1H, 
t, J  10.3 Hz, 6b-H), 3.58 (1H, t, J 9 .5  Hz, 4-H), 3.40 (1H, dd, J 9.2, 3.6 Hz, 2-H), 3.20, (3H, s, 
OMe-H), 1.70, 1.63, 1.52, 1.40 (4H, 4 x m, 13 and 14-H). 5C (DEPT, 6H !H -13C V-COSY),
138.4 (C, 8-C), 128.8 (CH, 7.30, 11-C), 127.9 (CH, 7.30, 10-C), 126.8 (CH, 7.80, 9-C), 101.9 
(CH, 5 .5 0 ,1-C), 100.5 (CH, 4.78, 1-C), 82.2 (CH, 3.40, 2-C), 80.7 (CH, 3.58, 4-C), 78.7 (CH,
4.19, 3-C), 72.1 (CH2, 12-C), 71.9 (CH2, 15-C), 69.2 (CH2, 4.30, 3.65, 6-C), 63.3 (CH, 4.07,
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5-C), 54.8 (CH3, 3.20, OM e-C), 27.9, 26.4 (CH2, 13 and 14-C). MS (EI/CI) m/z 337.2 (M + 
H); HRMS (ES*) calcd  for C i8H2406 (M + H+) 337.1646, found 337.1645, error 0.3 ppm.
(6aiS', 7 5 ,1 0 R, 10aS)-octahydro-9-(hydroxymethyl)-7-methoxy-2H-pyrano[3,4-b][l,4]di 
oxocin-10-ol 228: [a]D23 +  64 (c 1.0, CHC13); IR (film), 2925, 2855, 1458, 1373, 1092, 1052, 
986, 750, 695, 650 c m 1; 6H (500 MHz, CDC13), 4.52 (1H, d, J 3 .6  Hz, 1-H), 4.11 (1H, dt, J
12.0, 5.1 Hz, 10-H), 4.07 (1H, dt, J  12.0, 5.5 Hz, 7-H, overlapping with 10-H), 3.80 (1H, dd, J
11.7, 3.4 Hz, 6a-H), 3.76 (1H, dd, J  11.6, 4.3 Hz, 6b-H), 3.74 (1H, m, lO’-H, overlapping 
with 6b-H), 3.63 (1H, dt, J  11.0, 4.3 Hz, 7’-H , overlapping 5-H), 3.58 (1H, m, 5-H), 3.56 
(1H, t, J9 .3  Hz, 3-H), 3.44 (1H, t, J 9 A  Hz, 4-H), 3.35 (3H, s, OMe), 3.28 (1H, dd, J 9 .5 , 3.6 
Hz, 2-H), 1.75, 1.70 (2 x 2H, 2 x m, 8-H, 9-H). 5C (DEPT, 5H 1H-13C V-COSY), 99.4 (CH, 
4.52, 1-C), 82.5 (CH, 3.56, 3-C), 80.5 (CH, 3.28, 2-C), 73.0 (CH2, 4.07, 3.63, 7-C), 72.5 
(CH2, 4.11, 3.74, 10-C), 70.9 (CH, 3.58, 5-C), 69.9 (CH, 3.44, 4-C), 62.5 (CH2, 3.80, 3.76, 6- 
C), 55.2 (CH3, 3.35, OM e-C), 27.5, 26.3 (2 x  CH2, 1.75, 1.70, 8-C and 9-C). MS (EI/CI) m/z
266.2 (M + H); HRMS (ES+) calcd  for C n H 20O6 (M + N H /)  266.1598, found 266.1600, 
error -  0.75 ppm.
2,3-Di-0-allyl-4,6-6Msopropylidene-methyl-a-D-glucopyranoside 229
8
OMe 2 2 9
O
HO
HO
OMe 9 0 a
4,6-O Isopropylidene-m ethyl-a-D-glucopyranoside 90a (3 g, 12.82 mmol) was dissolved in 
distilled THF (30 ml) with stirring in a 100 mis stoppered flask. Potassium fert-butoxide (5.75 
g, 51.28 mmol) was added to the sugar solution. A yellow solution formed immediately. To 
that solution allyl bromide (15.5 g, 128.2 mmol, 11 ml) was added dropwise and left stirring 
at r.t. under nitrogen for 24 hr. W ater (50 mis) was added to the solution mixture which was 
extracted with dichloromethane (3 x  100 ml). The organic layer was dried over magnesium 
sulphate, filtered and concentrated to give the title compound 229 (3.3 g, 85 %) as a white 
powder. *H-NMR showed pure compound and no further purification was required. Rf 0.3 in 
petroleum etheriethylacetate, 90:10; mp 46-48°C; [a]o23 +84.2 (c 1.0, CHCI3); IR (CH2C12), 
2992, 2915, 1730, 1646, 1459, 1423, 1382, 1266, 1197, 1078, 997, 925, 852, 753 cm '1; SH 
(500 MHz, C6D6) 6.08 (1H, ddt, J \ 7 . 2 ,  10.6, 5.3 Hz, 12-H), 5.97 (1H, ddt, J  17.2, 10.2, 5.3 
Hz, 15-H), 5.4 (2H, dq, J  17.13, 1.8 Hz, 13- H, 16-H), 5.15 (2H, d q ,J1 0 .5 , 1.6 Hz, 13-H, 16-
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H), 4.77 (1H, d, J  3.7 Hz, 1-H), 4.49 (2H, ddt, J  13.2, 5.2, 1.7 Hz, 14-H), 4.21 (2H, ddt, J
13.0, 5.1, 1.6 Hz, 11-H), 4.12 (1H, t, J 9 .1  Hz, 3-H), 3.97 (1H, dd, J 9 .7 ,  5.0 Hz, 6a-H), 3.93 
(1H, dd, J  9.9, 5.0 Hz, 6b-H), 3.8 (2H, m, 4-H, 5-H), 3.55 (1H, dd, J 9 .3 ,  3.7 Hz, 2-H) , 3.2 
(3H, s, OM e), 1.6 (3H, s, C H 3-9), 1.42 (3H, s, CH3-8). 6C(DEPT, 5H !H -13C V-COSY) 136.1 
(CH, 5.97, 15-C), 135.5 (CH, 6 .08 ,12-C), 116.0 (CH2, 5.4, 5.15, 13-C), 115.3 (CH2, 5.4, 5.15, 
16-C), 99.2 (CH, 4.77, 1-C), 99.1 (C, 7-C), 80.0 (CH, 3.55, 2-C), 78.4 (CH, 4.12, 3-C), 75.3 
(CH, 3.8, 4-C), 73.5 (CH 2, 4.21, 11-C), 72.2 (CH2, 4.49, 14-C), 63.6 (CH, 3.8, 5-C), 62.8 
(CH2, 3.97, 3.93, 6-C), 54.7 (CH 3, 3.2, 10-C), 29.3 (CH3, 1.6, 9-C), 18.8 (CH3, 1.42 , 8-C); 
MS (EI/CI) m/z 315.2 (M + H); HRM S (ES+) calcd for C i6H260 6 (M +H+) 315.1802, found 
315.1803, e rro r-0 .3 1  ppm.
6-M ethoxy-2,2-dim ethyl-4,4a,6,6a,8,ll,12a,12b-octahydro-l,3,5,7,12-pentaoxacycloocta  
[a]-naphthalene 230
CH2 CI2. 1 d., reflux
OMe OMe
C l/,. > ^^  ^ R u —
C l^ | \
PCy3 Ph
2 2 3  Grubbs' 2nd generation catalyst
2 2 9 2 3 0
Grubbs 2nd generation catalyst 223 (5 mol%, 15 mg) was added to a solution o f  2,3-di-O-allyl-
4,6-0-isopropylidene-m ethyl-a-D -glucopyranoside 229 (150 mg, 0.47 mmol) in distilled 
dichloromethane (15 ml), under nitrogen at reflux for one day. The Grubbs catalyst was 
filtered o ff  through silica gel and washed with dichloromethane. The organics were then 
evaporated. The crude reaction m ixture purified by column chromatography using a solvent 
gradient o f  petroleum ether, ethyl acetate to give the tide compound 230 (100 mg, 75 %) as an 
oil. Rf 0.3 in petroleum  etheriethyl acetate, 50:50; [a]D"J + 15.3 (c 1.0, CHC13); IR (film), 
3417, 2955, 2925, 2855, 2363, 1634, 1252, 1097, 1036, 795 cm '1; 5H (500 MHz, CDC13) 5.64 
(2H, dt, J  11.8, 4.4 Hz, 13-H, 12-H), 4.72 (1H, d, J3 .7  Hz, 1-H), 4.46 (1H, m, lla -H ), 4.37 
(2H, d, J  5.54 Hz, 14-H), 4.19 (1H, ddd, J  16.1, 4.3, 1.3 Hz, llb -H ), 3.81 (1H, dd, J  11.7, 
3.56 Hz, 6a-H), 3.78 (1H, dd, J  11.7, 4.6 Hz, 6b-H), 3.65 (1H, m, 5-H), 3.59 (1H, t, J 9 .0  Hz, 
3-H), 3.48 (1H, t, J 9 .3  Hz, 4-H), 3.36 (3H, s, OCH3), 3.29 (1H, dd, J 9 .3 ,  3.7 Hz, 2-H), 1.45 
(3H, s, C H 3), 1.38 (3H, s, CH3). 5C (DEPT, 5H 'H -13C ‘./-COSY) 129.8 (CH, 5.64, 13-C), 
128.7 (CH, 5.64, 12-C), 98.9 (CH, 4.72, 1-C),98.7 (C, 7-C), 81.8 (CH, 3.59, 3-C), 80.7 (CH,
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3.29, 2-C), 69.4 (CH, 3.65, 5-C), 69.3 (CH, 3.48, 4-C), 68.7 (CH2, 4.46, 4.19, 11-C), 67.0 
(CH2, 4.37, 14-C), 61.6 (CH2, 3.81, 3.78, 6-C), 54.2 (CH3, 1.38, 10-C); MS (EI/CI) m/z 287.2 
(M + H); HRMS (ES+) calcd  for CmH2206 (M+H+) 287.1489, found 287.1487, error 0.7 ppm.
6-M ethoxy-2,2-dimethyl-decahydro-l,3,5,7,12-pentaoxa-cycloocta[a]naphthalene 231
10% Pd/C, EtOAc
OMe 231OMe 2 3 0
12
A solution o f  6-methoxy-2,2-dimethyl-4,4a,6,6a,8,l 1,12a, 12b-octahydro-1,3,5,7,12-pentaoxa- 
cycloocta[a]-naphthalene 230 (40 mg, 0.14 mmol) in ethyl acetate (4 ml) was hydrogenated at 
atmospheric pressure (water displacement hydrogenator) over 10 % palladium on carbon for 
one day. The catalyst was filtered o ff  and washed with ethyl acetate and then evaporated. 
Purification by column chromatography using a solvent gradient o f petroleum ether to ethyl 
acetate gave the title compound 231 (30 mg, 75%) as an oil. Rf 0.4 in petroleum ether:ethyl 
acetate, 60:40; [a]D23 +  12.6 (c 1.0, CHCI3); IR (film), 2962, 2915, 2845, 1738, 1669, 1446, 
1408, 1373, 1260, 1097, 1018, 861, 799 c m 1; 8H (500 MHz, CDC13) 4.68 (lH ,d, J3 .7 3  Hz, 1- 
H), 4.95 (2H, dt, J  11.5, 4.8 Hz observed, 1 la-H , 14a-H), 3.80 (1H, dd, 10.4, 4.8 Hz, 6a-H), 
3.72 (1H, m, 1 lb-H ), 3.65 (2H, m, 6b-H, 14b-H,), 3.62 (1H, t, 9.0 Hz, 3-H), 3.58 (1H, m, 5- 
H), 3.48 (1H, t, J9.4 Hz, 4-H), 3.35 (1H, m, 2-H), 3.35 (3H, s, OCH3), 1.70 (4H, m, 12H, 
13H), 1.42 (3H, s, CH3), 1.38 (3H, s, CH3). 8C (DEPT, 8H 'H -i3C ‘j-COSY) 99.8 (CH, 4.68, 
1-C), 77.2 (CH, 3.35, 2-C), 78.0 (CH, 3.62, 3-C), 76.6 (CH2, 4.95, 3.72, 3.65, 11-C or 14-C),
78.8 (CH2, 4.95, 3.72, 3.65, 11-C or 14-C) 72.6 (CH, 3.48, 4-C), 63.7 (CH, 3.58, 5-C), 62.5 
(CH2, 3.80, 3.65, 6-H), 55.1 (CH3> 3.35, 10-C), 29.2 (CH3, 1.42, 8-C), 19.1 (CH3, 1.38, 9-C); 
MS (EI/CI) m/z289.2 (M + H); HRMS (ES+) calcd for C i4H240 6 (M + H") 289.1646, found 
289,1647, error -  0.34 ppm.
Attempted ring closing metathesis reaction of heptakis(2,3-di-0-allyl-6-0-terf- 
butyldimethylsilyI)-|3-cyclodextrin 219
132 Experimental
THF, 5d., reflux
223 Grubb's 2nd generation catalyst
7 224-17 219
To a solution o f  Grubbs 2nd generation catalyst 223 (4 mol%, 1 mg) in distilled THF (70 ml), 
was added a solution o f  heptakis(2,3-di-O-allyl-6-0-tert-butyldimethylsilyl)-p-cyclodextrin 
219 (70 mg, 0.028 mmol) in distilled THF (50 ml) dropwise under nitrogen and the reaction 
refluxed for 5 d. During that time more catalyst (2 x 0.3 mg) was added. The Grubbs catalyst 
was filtered o ff through silica gel and washed with THF. The organics was then evaporated. 
An attempt was made to purify the crude reaction mixture (54 mg) by column 
chromatography using a solvent gradient o f  hexane, diethyl ether but the complicated mixture 
could not be separated into pure fractions.
133 Experimental
Appendix, Compound Index
Schem e 1, partially deuterated 
RNA 1 CD-
OH
OBzBzO
NH. BzO
NH.
,0
CO
BzO
Na
OBz 16
OMe
HO
7D Ph
OMe
HO
18 OBz
OMe
HO.
a  R = H 
b R = CH:
Ph
OMe
HO.
20
134 Compounds 1-20
OMe
HO.
32
a  R = H 
b  R = Ts
OMe
RO
OMe
HO
HO
HO.
HO H°  0HOH
HO a  R = Bz 
b  R = HHO
HO Methyl-a-D-
glucopyranoside
OR
HO I
2 4 a  Gluco OMe
HO'
HO
HO
2 5
PPh-
Ph'
OMe (4 ,6-0
benzylidene)-
methyl-a-D-
glucopyranoside
HO
HO
3 6 OMe
Ph- Ph
Ph
Ph'
HO
27 HO
HO
OMe 2 7 OMe
Ph'
HO
HO
HOHO
OMe 2 8 OMe
HO
Ph'HO 4 ,6 -0  
benzyl idene)- 
methyl-P-D- 
glucopyranoside
HO OMeHOD-Glucose
HO OH 
2 9  D-Glucose
30 Ph'
Diacetone
glucose
(DAG)
OMe
OH
4 0HO
135 Compounds 21-40
| HO 
HO 41
41
D
H? \ - o h
d o
h o A ^ L X
D H<^  OMe 51 Galacto
51
[ HO 
D 4 2
42
D
? \ ^ O H  
D J T ^ \ D q
h o . \ ^ J L \
n  HO I - n
u  OMe 5 2  Gluco
52
^ O H
H O ^ A ^ ° \
4 3  OBn OH
43
__OH
HO I
5 3  bound to catalyst OMe
53
^ -O H
4 4  OBn OH
44
H O ' " - \  H 0  
HO----- ° \
H O ^ \(-» - X A
5 4 a  Manno OMe
54
__OH
4 5  o h  OH
45
OH 
HO T
HO . .. , 
5 5  myo- inositol
55
w y o -In o s ito l
^ -O H
H0^ ± i
4 6  OH OMe
46
HO
h o ^ 7 ~ ^ w  "o h
H<^  5 6  scyllo-inositol
56
s c y llo -  In osito l
^ O T F A  
TFAO'-----° \
t f a o - X - J ^ X
4 7  O T FA 0M e
47
OH 
HO I
HO
HO |
5 7  cft/ro-inositol ^
57
c/?z>0 - ln o s ito l
_^_OH
H O - ^ \ ^ ----- ° \
4 8  (c f  2 4 a )  0 H OMe
48
HO 
I OH OH
/  h ~ ^ 7  0H  
H0 ' ^ - ^ ^ - 0H
5 8  ep/-inositol
58
e/?z-Inositol
^ O T F A  
T F A O '^ V ^ ----- ° \
t f a o A ^ ^ \ ^
4 9  O T FA 0M e
49
OH 
HO I
HO'7 ^ ^ y  
F— —OH
HO
5 9  5-Deoxy-5-fluoro-myo-inositol
59
H9  ^—-OH
h o ^ A
HO I 
^ , OMe 
5 0 a  Galacto
50
Methyl-a-D-
galactopyranoside
OH 
HO I
h o ' T ^ ^ t ^ 0
—OH
HO 6 0
60
136 Compounds 41-60
OH 
HO 1
H 0 7 ~ T / ^ D
f - ^ £ ^ ^ L ^ o h
HO d |
D 61
61
D
HO"| \  D
H O ^ V ^ | ° v  7 1 a  (2,4-2 H2)-
1 p  \  -V  \  m eth y l-a -D -
j T ]  g lu co p y ra n o s id e  
H U  |
OMe
71
V j & \ *
HO H°  | OH 
62 T rehalose HO
62
D
H O ' K  D _  ,  
H O ^ V ^ H  0  7 2 3  I2 -3 -4 '  Hs)-
n p \  L  \  m eth y l-a -D - 
'  V  \  ‘l g lu co p y ra n o s id e  
1 HO |
D OMe
72
HO 63 Also partial | OH 
exchange at C-6 HO
63
D
H O ' l A  h o
HO------° \  7 3 a  (2i3,4-2 H3)-
1 \  \  \  m eth y l-a -D -
r  ' p j  m a n n o p y ra n o s id e
D OMe
73
/ ° Ho ^ OH
HO
6 4  Sucrose '^""OH
64
D
A c ° ' h \  Ac°  
A c O ^ Y " ^ |  ° \  74b, 4-D i
Ac0¥ Y
H OMe
74
.OH
HO H O ^ ^ H  ° ^ ° V O H 
HO
6 6  Also partial
exchange at C-6 & C-6' ^"“OH
65
D
AcO ' I ' ' \ A cO 
A c O ^ V ^ I  °v  75b, 2,4-D 2
H OMe
75
6 6  1,6-Anhydro- I """ \  
(5-cellobrose lOH \
H O -\^ »,^ A /
HO
6 6
H
A c O ' I ' A  A c°  
A c O ^ V ^ H  ° \  7 6 b , 2-D,
~ t t i
H OMe
76
\  L \  ^ 0  OAcaco-A ^ ^ X ^
I OAc 67 22 % yield,
0 >s 90 % deuteration
67
H
A c O ' h A  Ac°
A c O -----v M  \  7 7 b - 2 '3 - D2
Ac0V ^
D OMe
77
HO
D H O  ' n OMe 6 8 a
6 8
H
AcO ' | " \ A cO
A c O ' - ' V H  ° \  7 8 » . 2 -D,
Arn-V - L N  id en tica l to  7 S b  
H °O M e
78
HO
HO - OMe 
HO 6 9
69
P-Methyl-D-
galactopyranoside
D
HOJ
HO'I \  9 7 9 a - 
D ^ V * ^  ° \  2 '3i4'6 ' D4
hoA ^ J L X
1 HO 1 
D OMe
79
HO
d- ^ H K
H O - X ^ - L ^ ^ O M e
I HOD 7 0
70
D
AcO J  
A c O ' l A  9 8 0 b ,
D--- — \  2 '4 '6- ° 3
*r  ^ \  T i
1 AcO 1 
H OMe
80
137 Compounds 61-80
AcO 
A cO ' ’ 81b,
4,6-D;
AcO' HO. 91a
HOAcO
OMe OMe
,OH
HO
HO
HOHO 92 a-Cyclodextrin a-CyclodextrinHO
HO
OMe
s D/ .OR
RD'
93 Hexakis-
(2 ,3 ,6 ,6 ’-[2H4]-)
a-cyclodextrin
HO
HO
.OH
ZnCI
HO
9 4  p-Cyclodextrin
P-CyclodextrinHO
84
.OR
ZnCI
95  Heptakis-
(2,3,6,6'-[2H4])-
(J-cyclodextrin
HO
HO
85
ZnCI
96 6-0-'butyl- 
dimethylsilyl- 
(5-cyclodextrin
HO
HO
OZnCI
96  Heptakis- 
(6-0-'butyl- 
dimethylsilyl)- 
p-cyclodextrin
HO
HO
HOHO
HO
OMe 87
.OH
HO'
HO.
HO
OMe
,OH
HO
HO H O ^ V ^ ^  \
HO OMe
HO
99a  M ethyl-p-D-glucopyranoside (cf 48)
HO
HO
OMe 89
.OH
MeHO' 10090a HO
HO
HO
OMe
138 Compounds 81-100
.O S ifBuMe2
R2 0 ' " " V ^ — °\
R20  OMe 
R10  101a-g
1 0 1
,OSi'BuMe2
j
I Ts0l
111 Hexakis
(6-0-'butyl-
dimethylsilyl-
2-O-p-toluene-
sulfonyl)-
a-cydodextrin
6
1 1 1
ho\ ^ L \  102a-d
OMe
1 0 2
,OSi'BuMe2
\ TS° I
112 Heptakis
(6-0-'butyl-
dimethylsilyl-
2-O-p-toluene-
sulfonyl)-
P-cydodextrin
7
1 1 2
^ O A c
TsO 103
103
VN. 
' 
1 
---- 
1
113 y-Cydodextrin
8
113
y-Cyclodextrin
OH
H O ' ^ ' ° y OMe 
V  104
104
.OSi'BuMe2
I HO|
114 Octakis 
(6-0-'butyl- 
dimethyl-silyl)- 
y-cydodextrin
8
114
.OH
105
. OSi'BuMe2
I Ts0l
115 Octakis
(6-0-'butyl-
dimethylsilyl-
2-O-p-toluene-
sulfonyl)-
y-cyclodextrin
8
115
Ph \  ci
OH OMe 106
106
.OSi'BuMe2
3^ 116 Hexakis(2,3-anhydro-6-0-'butyl-dimethylsilyl)-a-cydodextrin6 116
P h '^ 'V ' - O ^ 'A
\  /  OMe 107
0
107 (S
i (0
I 
10 
t
117 Heptakis
(2,3-anhydro-
6-0-'butyl-
dimethylsilyl)-
p-cyclodextrin
7
117
Ph^ o ° ^ o
hoA ^ - ^ A
TsO |
OMe 108
108
.O S i(BuMe2
118 Octakis
(2,3-anhydro-
6-0-'butyl-
dimethylsilyl)-
y-cyclodextrin
8
118
P h ' ^ V ' O ' — \
OMe 109
109
.O R 1
1 r 2o \ * , * ^ » X
I R2^
J
119
a R1 = Ts, R2 = H 
b R1 = Ts, R2 = Bz 
c  R1 = I, R2 = H
S
119
.OSi'BijMe2
I H°  I
110 Hexakis 
(6-0-'butyl- 
dimethylsilyl)- 
a -cydodextrin
6
1 1 0
1 
x 
1 
1 
1
6 120
1 2 0
3 ,6 -a n h y d ro -
a -
cy c lo d ex tr in
139 Compounds 101-120
.OR’
I rJ°I
121
a R1 = Ts, R2= H 
b R1 = I, R2 = H
7
1 2 1
I  OH 131 D-Altrose  
HO
131
D-Altrose
h / j r p  ^ 7 * 7 i0 \
I Hoh  J
7 122
1 2 2
B o h
| OH
HO 1 3 2 A ltro sa n
132
Altrosan
\  /  OMe 1 2 3  
0
123
| 7  1 3 3  L e v o g lu co sa n  
HO OH
133
L e v o g lu c o sa n
\ ^ °
HO OMe 1 2 4
124
[Glu]6_ y  1 3 4
134
Ph ~”V '~ 0 ----- \
OMe 1 2 5
125
H O ^ \  ? H
r ^ iV R i  135
\  y a R = OH
[Giu]e b r  = nh2
135
P h ' ^ V ' O ^ X  HO
OMe 1 2 6
126
[ ^ ] 7 136
136
h o - ^ A
OMe 1 2 7
127
0
a R = OH 
b R = NH2
137
7 4C,
137
H O ^ A  OH
h o ' ^ v ^ ' I  1 2 8  Methy'-
\  -L, \  a-D-altropyranoside 
OH OMe
128
f e
a R = OH 
b R = NH2
138
71C4
138
X--- 0  ^  HO
$  -
HO OH HO X
OH
129
L A
I HO
7  1 3 9
139
a— °  0. HO
$  -
HO OH HO Y
OH
130
r S b
V 3  2
7  1 4 0
140
140 Compounds 121-140
1 
1 7 141
141
.OH
H2N---- v \ )  J
\ ____C ----- -
H0---- ( \  / )  1X\ __ / /  151 Altro 1C4
p  N NR % yield
151
nh2
V NH; J
7 142
142
-O H  
\  OH
T O
V  f[Glu]6— /  1 5 2
152
° ^ ^ c ,
NH 
\  HO
0 v l!\
X HN v. ^ 7 <
\  | f /  C
0 7 143
143
1 5 3
3 ,3 -S u lf id e  dim er  
3 0  %  yield
153
-.OSifBuM«2 
\  OR
. 6 .
144
a R = H 
b R = Me 
c R = Bn
144
^[G iuk— A  154
154
r  < ° o h  '  
& 7 146
145
1 5 5
2 ,2 '-S u lfid e  dim er  
1 3  %  yield
155
-OH
I A  j
/  1 4 6Attro 1C4 
[Glufe 83 % yield
146
1 56
2 ,3 '-Su lfid e dim er  
0  %  yield
156
-O H
/ h o ^ ^ L \
( 3 — i
[GluJe J ^ x ' N 1 4 7 G / u c o 4 C 1 
3 .8  %  yield
147
-SH
H3N CO? 1 5 7
157
-O H
[Glu]6------/  1 4 8  Alio
148
-S R
©
H3N c o f  1 5 8
158
-O H
- ^ f ~ N s U N
OH  p
J  1 4 9  Altro  1C 4
^ ------[Glufe 1 8 %  yield
149
-SR
B o c H N ^ ^ C 0 2 H  1 5 9
159
-O H
T O
\  0  1 5 0  G / u c o  “ C i  
[GluJa----- ^  55 %  yield
150 .5OH 1 6 0 160
141 Compounds 141-160
5h° ^ Br 161
161 HO^L^  (
171 Di-manno-epoxide 
I------------  [G lut-----------
171
°—4 
V  162
162 j z j  v y0 ' 
I 172Diene
I------------  [Glu)s------------
) 172
5
BocHN CO2H 163
163 173
7
173
5
NHBoc 164
164
-OH -
\  °o  
/ HO- .^^^LA 174 [3-Cyclomannin
7
174
H
/ “ T
( /CsH,, H 
\ ---- /  165 LTA4 methyl ester
165
Leukotriene A 4
0A/°
fa £ j ° «
175
/  nr H H ''s\  /  C 5H 11 I
\ = /  k ^ c o f
H3N® 166 LTE„
166
Leukotriene E4
RO f£—. H HO-XJ.O HO I
<X°~ « y
/ o
fr  r  
° > t ° H „ h s 7  r
C ^ o  y , o J - o
176
176
r  / Cl 1Zn
Ph ”\" ~ 0  ”\  0/
L Zn ^  1 OMe J  167
167
•yyv -  ^
Br/ ^ 177
177
Ph—"""V^O----- \
OMe168
168
 ^ 178
178
-OH
rr\[ \  \  169 Alkene
V  y°\[GIu]6-___ /
169
^ 0 ° ^ 0 x  1 7 9
h o ^ o h
179
-OH
( 170 Thiirane
V ” )^  [Glu]e-----y
170 V  1 8 0  
0 > ~ H
180
142 Compounds 161-180
Ph'
181 191
OMe 181
P h '
182 192\  1 8 2
| a  R = H 
OMe b  R = Ac
RO'
RO 1 92
►OH
183 193
OMe 1 93
,OH
184 194
OH 1 9 4
185 195©NH.
1 9 5
(1S,2S,8R )
1 (5
196186
‘C O ?
197187
197
CO;
198188 HN
OH
198
1 8 9Ph-
199189TsO
TsO
OMe
1 9 9
OH
200190 OMe
200
143 Compounds 181-200
201 211
c o 2h 2117 20 1
OSi'BuMe;
HO Ph'
HO 202 212
N C'
OMe
NC' 212
7 2 0 2
Ph'
HO203 213
2 0 3
OMeNC' 2 1 3OMe
OH
2 1 4204 214
OH
2 1 5205 215
CN
OH
206 216
NHBoc2 1 67 206
Ph°. «0
217207
OMe 2 1 7OR o
Ph
218208 NC
NC
OMe 2 1 8208
219209
n h 2
NH-
220210
J NH; 
NH2 2 1 0
144 Compounds 201-220
221 231
HO'
OMe
HO' 221
222
222
223
' V
224
225
225
• oh Cydo-octyl-"homo',-|}-cyclodextrif
226
226
ph-
227
OMe
2 2 7
HO
HO-
228
OMe
2 2 8
229
OMe 2 2 9
230
OMe
2 3 0
145 Compounds 221-231
References
1. Lindhorst, T. K., Essentials o f Carbohydrate Chemistry and Biochemistry, 2003, Wiley, Weinheim, 1-5.
2. El-Khadem, H. S., Carbohydrate Chemistry, Monosaccharides and their Oligomers, 1988, Academic 
Press, California, 1-4.
3. Pigman, W., Horton, D., The Carbohydrates, Chemistry and Biochemistry, 1972, Academic Press, New 
York, 1-3.
4. Binkley, R. W., Modern Carbohydrate Chemistry, 1988, Marcel Dekker, New York, 33-45 
(substitution), 186, 126 (Furst-Plattner rule).
5. Laszlo, P., NMR o f Newly Accessible Nuclei, 1983, Academic Press, New York, 1-14.
6 . Curtis, J., Dailing, D. K., Grant, D. M., Deuterium chemical shifts and chemical shift parameters in 
methylcyclohexanes, J. Org. Chem., 1986,51, 136-142.
7. Smith, I. C. P., Deuterium NMR- A useful technique in chemistry, physics, and biology, Aldrichimica 
Acta, 1977,10,35-39.
8 . Foldesi, A., Nilson, F. P., Glemarec, C., Synthesis of r #,2',3',4'#,5',5"-2 H6 -P-D-ribonucleosides and 
r,2',2",3',4'#,5',5''-2 H7 -p-D-2'-deoxyribonucleosides for selective suppression of proton resonances in 
partially deuterated oligo-DNA, oligo-RNA and in 2,5A core ( ‘H-NMR window), Tetrahedron, 1992, 
4 8 , 9033-9072.
9. Kundu, M. K.., Foldesi, A., Chattopadhyaya, J., Studies on the stereoselective synthesis of deuterated D- 
ribose derivatives, Helv. Chem. Acta, 2003, 8 6 , 633-642.
10. Barrero, A. F., Rosales, A., Cuerva, J. M., Gansauer, A., Oltra, J. E., Titanocene-catalysed, selective 
reduction of ketones in aqueous media. A safe, mild, inexpensive procedure for the synthesis of 
secondary alcohols via radical chemistry, Tetrahedron Lett., 2003, 44, 1079-1082
11. Sajiki, H., Ito, N., Esaki, H., Aromatic ring favorable and efficient H-D exchange reaction catalysed by 
Pt/C, Tetrahedron Lett., 2005, 4 6 , 6995-6998.
12. Pojer, P. M., Deuterated Raney nickel: deuteration (reduction) of alkenes, carbonyl compounds and 
aromatic rings. Proton-deuterium exchange of activated aliphatic and aromatic ring hydrogens, 
Tetrahedron Lett., 1984, 25, 2507-2508.
13. Lidstrom, P., Tierney, J., Wathey, B., Westman, J., Microwave assisted organic synthesis - a review, 
Tetrahedron, 2001, 57, 9225-9283.
14. Anto, S., Getvoldsen, G. S., Harding, G. R., Jones, J. R., Yu lu, S., Russell, J. C., Microwave-enhanced 
hydrogen isotope exchange studies of heterocyclic compounds, J. Chem. Soc., Perkin Trans., 2000, 2, 
2208-2211.
15. Csorba, K. F., Galli, G., Holly, S., Baitz, E. G., Microwave-assisted deuterium exchange reactions for 
the preparation of reactive intermediates, Tetrahedron Lett., 2002, 4 3 , 3789-3792.
16. Russell, R. N., Weigel, T. M., Han, O., Liu, H., Synthesis of stereospecifically labeled 3,6- 
dideoxyhexoses, Carb. Res., 1990, 201, 95-114.
17. Varela, O. J., Fernandez Cirelli, A., De Lederkremer, R. M., p-Elimination in aldonolactones. Synthesis 
of 3,6-dideoxyl-ara6/«o-hexose (Ascarylose), Carb. Res., 1979, 70, 27-35.
18. Hudlicky, M., Reductions in Organic Chemistry, 1984, Ellis Horwood, Chichester, 62-63.
146 References
19. Stick, R. V., Carbohydrates: The Sweet Molecules o f Life, 2001, Academic Press, London, 72-75 
(reduction), 77-85 (halogenation).
20. Hanessian, S., Plessas, N., The reaction of O-benzylidene sugars with TV-bromosuccinimide. IV. 
Neighbouring group effects and rearrangements, J. Org. Chem., 1969,34, 1053-1058.
21. Hullar, T. L., Siskin, S. B., The facile bromination by V-bromosuccinimide of benzylidene acetals of
carbohydrates. Application to the synthesis of 2,6-imino carbohydrates (substituted 2,5- 
oxazabicyclo[2.2.2]octanes), J. Org. Chem., 1970,35, 225-228.
22. Classon, B., Garegg, P. J., Samuelsson, B., Conversion of hydroxyl groups into bromo groups in
carbohydrates with inversion of configuration, Can. J. Chem., 1981, 59, 339-343.
23. Cyclic phosphonium diesters of this kind, attached to the 2',3'-positions of the ribose moiety of
nucleosides have been identified by NMR during the course of Mitsunobu type reactions see Mengel, 
R., Bartke, M., Reactions of nucleosides with triphenylphosphine/diethyl azodicarboxylate system, 
Angew. Chem. Int. Ed. Engl., 1978,17, 679-680.
24. For a review of these displacements see Castro, B. R., Replacement of alcoholic hydroxy 1-groups by
halogens and other nucleophiles via oxyphosphonium intermediates, Organic Reactions, 1983, 29, 1- 
162.
25. Albright, J. D., Goldman, L., Dimethyl sulfoxide-acid anhydride mixtures for the oxidation of alcohols, 
J. Am. Chem. Soc., 1967, 89, 2416-2423.
26. Koch, H. J., Perlin, A. S., Synthesis and 13C NMR spectrum of D-glucose-3-J. Bond polarization 
differences between the anomers of D-glucose, Carb. Res., 1970,15, 403-410.
27. Levene, P. A., Raymond, A. L., Hexomonophosphates, J. Biol. Chem., 1931, 91, 757-763.
28. Tsuda, Y., Hanajima, M., Matsuhira, N., Okuno, Y., Kanemitsu, K., Regioselective mono-oxidation of
non-protected carbohydrates by brominolysis of the tin intermediates, Chem. Pharm. Bull., 1989, 37, 
2344-2350.
29. Ando, S., Ariga, T., Yamakawa, T., Identification of stereoisomers of methyl hexopyranosides by mass 
spectrometry of their trifluoroacetates, Bull. Chem. Soc. Jpn., 1976, 49, 1335-1338
30. This method has been applied to other aldoses plus 2-, 3- and 4-ketoses see El Nemr, A., Tsuchiya, T., 
A convenient method for deuteration at the alpha position of an oxo group in carbohydrates, 
Tetrahedron Letters., 1998,39, 3543-3546.
31. Koch, H. J., Stuart, R. S., A novel method for specific labelling of carbohydrates with deuterium by 
catalytic exchange, Carb. Res., 1977, 59, C1-C6.
32. Gallezot, P., Cerino, P. J., Blanc, B., Fleche, G., Fuertes, P., Glucose hydrogenation on promoted 
Raney-nickel catalysts, J. Catal., 1994,146, 93-102.
33. http://en.wikipedia.org/wiki/Ranev nickel and http://en.wikipedia.org/wiki/Murrav Raney accessed 
26/11/2006.
34. Raney, M., Method of producing finely-divided nickel, US Patent 1,628,190, 10th May 1927.
35. Raney, M., Catalysts from alloys, Ind. Eng. Chem., 1940, 32, 1199-1203.
36. Billica, H. R., Adkins, H., Catalyst, Raney nickel, W-6 , Organic Syntheses Coll., 1955, 3, 176-181 
(Annual volume 1941, 21, 24-29); Mozingo, R., Catalyst, Raney nickel, W-2, Organic Syntheses Coll., 
1955,3, 181-182 (Annual volume 1941, 21, 15-16).
147 References
37. Choudhary, V. R., Chaudhari, S. K., Gokam, A. N., A kinetic model for leaching process in preparation 
of Raney nickel, Ind. Eng. Chem., 1989,28, 33-37.
38. Rothe, J., Hormes, J., Schild, C., Pennemann, B., X-ray absorption spectroscopy investigation of the 
activation process of Raney nickel catalysts, J. Catal., 2000 ,191, 294-300.
39. Surface composition, structural and chemisorptive properties of Raney nickel catalysts, Hochard- 
Poncet, F., Delichere, P., Moraweck, B., Jobic, H., Renouprez, A. J., J. C. S., Faraday Trans., 1995, 91, 
2891-2897.
40. Cavanagh, R. R., Kelley, R. D., Rush, J. J., Neutron vibrational spectroscopy of hydrogen and 
deuterium on Raney nickel, J. Chem. Phys., 1982, 77, 1540-1547.
41. Mikhailenko, S. D., Khodareva, T. H., Leongardt, E. V., Lyashenko, Fasman, A. B., The effect of redox 
treatment on the structural, adsorptive, and catalytic properties of Raney nickel, J. Catal., 1993, 141, 
688-699.
42. Mebane, R. C., Mansfield, A. J., Transfer hydrogenation of aldehydes with 2-propanol and Raney® 
nickel, Synth. Comm., 2005, 35, 3083-3086.
43. Balza, F., Perlin, A. S., Some stereochemical characteristics of C-’H - C-2H exchange reactions with 
Raney nickel catalyst in deuterium oxide, Carb. Res., 1982, 107, 270-278.
44. Angyal, S. J., Stevens, J. D., Odier, L., Selective deuteration over Raney nickel in deuterium oxide: 
methyl glycosides, Carb. Res., 1986,157, 83-94.
45. Angyal, S. J., Selective deuteration. The rate of protium-deuterium exchange in inositols with Raney 
nickel catalyst, and the effect thereon of Omethylation, Carb. Res., 1983,123, 13-22
46. Sakai, K., Balza, F., Taylor, I. E. P., Preparative scale separation by anion exchange chromatography of 
six per-C-deuterated inositol epimers produced during C-'H-C-2H exchange reactions with Raney 
nickel in deuterium oxide, Carb. Res., 1987, 166, 171-180.
47. Husson, C., Odier, L., Vottero, Ph. J. A., New conditions for the synthesis o f scy//o-inositol starting 
from /wyo-inositol, Carb. Res, 1998, 307, 163-165.
48. Fluorinated cyclitols. An improved synthesis of 5-deoxy-5-fluoro-/wyo-inositol, its deuterium labelling, 
and synthesis of a 5,5-gem-difluoroanalogue, Jiang, C., Schedler, D. J. A., Morris Jr., P. E., Zayed, A.- 
H. A., Baker, D. C., Carb. Res., 1990, 207, 277-285.
49. Ram, P., Mazzola, L., Prestegard, J. H., Orientational analysis o f micelle associated trehalose using a 
NMR-pseudoenergy approach, J. Am. Chem. Soc., 1989, 111, 3176-3182.
50. Tyrell, P. M., Prestegard, J. H., Structural studies of carbohydrates by NMR: sucrose, J. Am. Chem. 
Soc., 1986,108, 3990-3995.
51. Angyal, S. J., Stevens, J. D., Selective deutration over Raney nickel in deuterium oxide: 1,6- 
anhydrohexoses, Carb. Res., 1987,169, 151-157.
52. Dais, P., Shing, T. K. M., Perlin, A. S., Study of disaccharide conformation by the measurement of 
nuclear Overhauser enhancement relaxation rates and C1 3-H’ coupling - 1,6 -anhydro-P-cellobiose 
hexaacetate, J. Am. Chem. Soc., 1984,106, 3082-3089.
53. Djedaiani, F., Desalos, J., Perly, B., Regio- and stereo- selective deuterium labeling of P-cyclodextrin, 
J. Label. Compd. Radiopharm., 1990, 7, 785-791.
148 References
54. Cioffi, E. A., Solvent-induced control of ultrasonic deuterium labeling, Tetrahedron Lett., 1996, 37, 
6231-6234.
55. Suslick, K. S., Sonochemistry, Part A, Chapter 8 .6 , 1-4, in Handbook o f Heterogeneous Catalysis, 
Editors: Ertl, G., Knozinger, H., Weitkamp, J., Wiley-VCH, 1997. 2541 pp.
56. www.sonochemistry.info/Images/Intro/fig2-1 .gif.
57. Mason, T. J., Sonochemistry, 1999, Oxford University Press, New York, 2-4, 8-10.
58. http://www.physchem.ox.ac.uk/~rgc/research/sonoelsynth/surf_acoust.htm.
59. Cioffi, E. A., Willis, W. S., Suib, S. L., Morphological and surface studies of ultrasonically treated 
Raney nickel hydrogen-deuterium exchange catalysts, Langmuir, 1990, 6 , 404-409.
60. Cioffi, E. A., Alston, K. E., Patel, A. M., Potential kinetic control o f ultrasonic *H—»2H isotopic 
exchange by transition metal doping of Raney-nickel® catalysts, Tetrahedron Lett., 2002, 43, 8985- 
8987.
61. Nashida, Y., Ohrui, H., Meguro, H., 'H-NMR studies of (6 R)- and (6 S)-deuterated D-hexoses: 
assignment of the preferred rotamers about C5-C6 bond of D-glucose and D-galactose derivatives in 
solutions, Tetrahedron Letters, 1984,25, 1575-1578.
62. Bruyn, A., Anteunis, M., Conformation of the C-5/C-6 fragment of aldohexopyranoses, Carb. Res., 
1976, 47,311-314
63. Andersson, L., Kenne, L., Synthesis and NMR studies of methyl 3-0-[(/?)- and (S)-1 -carboxyethyl]-a- 
D-gluco-, galacto- and manno- pyranosides, Carb. Res., 1998, 313, 157-164.
64. Rao, V. S., Perlin, A. S., A reversal in the order of H-67? and H-6 S chemical shifts o f some 
aldohexopyranose derivatives, associated with the acetylation of OH-4 and OH- 6  groups. A distinction 
between 3- and 4-linked D-glucose residues in disaccharides, Can. J. Chem., 1983, 61, 2688-2694.
65. Jansson, P. E., Kenne, L., Ottosson, H., Synthesis o f and nuclear magnetic resonance and 
conformational studies on some 1,2-linked disaccharide methyl glycosides containing D-mannose and 
L-rhamnose, J. Chem. Soc., Perkin Trans. I, 1990, 2011-2018.
6 6 . Whyte, J. N. C., Proton magnetic resonance and mass spectrometric studies on derivatives of sodium 2- 
O-a-D-mannopyranosyl-D-glycerate and related compounds, Can J. Chem., 1969, 47, 4083-4086.
67. Contereras, R. R., Kamerling, J. P., Vliegenthart, J. F. G., 'H- and I3 C-NMR spectroscopy of synthetic 
monosulfated methyl-a-D-mannopyranosides, Recueil, 1991, 110, 85-88.
6 8 . Smoum, R., Rubinstein, A., Combined ]H, 13C and UB NMR and mass spectral assignments of boronate 
complexes of D-(+)-glucose, D-(+)-mannose, methyl-a-D-glucopyranoside, methyl-p-D-galactopyrano- 
side and methyl-a-D-mannopyranoside, Magn. Reson. Chem., 2003, 41, 1015-1020.
69. Gronberg, G., Nilsson, U., Nuclear magnetic resonance and conformational investigations of the 
pentasaccharide of the forssman antigen and overlapping di-, tri-, and tetra-saccharide sequences, Carb. 
Res., 1994, 257, 35-54.
70. Multiplet, written by D. R. Kelly, version NMRUC51, 20/01/1995.
71. Bock, K., Pedersen, C., Carbon-13 nuclear magnetic resonance spectroscopy of monosaccharides, Adv. 
Carb. Chem. Biochem., 1983, 41, 27-66.
149 References
72. Horton, D., Lauterback, J. H., Relative reactivities o f hydroxyl groups in carbohydrate derivatives. 
Specific nuclear magnetic resonance spectral assignment of acetyl groups in methyl-a-D- 
glucopyranoside tetraacetate and related derivatives, J. Org. Chem., 1969,3 4 , 86-92.
73. HiMass written by D. R. Kelly, compiled 06/08/91. This programme was designed to model mass 
spectrometry ion cluster data for very large molecules with high abundance accuracy at high mass 
resolution (1 ppm). The mass abundance data is taken from E. Pretsch, W. Simon, J. Seibl and T. Clerc, 
Tables o f Spectral Data fo r  Structure Determination o f Organic Compounds, Springer-Verlag, Berlin, 
1989, M60-M85.
74. The ion cluster abundances of Ci4 Hi9 0 9  were used for both C1 4 HI9 0 9  and Ci4 H1 80 9. They are minutely 
different, because of the differences in natural deuterium content, but this will have no appreciable 
effect on the calculation.
75. Fumiss, B. S., Hannaford, A. J., Textbook o f  Practical Organic Chemistry, 1989, Longman, Harlow, 
108,351.
76. Showier, A. J., Darley, P. A., Condensation products of glycerol with aldehydes and ketones. 2- 
substituted w-dioxan-5-ols and l,3-dioxolane-4-methanols, Chem. Rev., 1967, 67, 427 -4 4 0 .
77. Clode, D. M., Carbohydrate cyclic acetal formation and migration, Chem. Rev., 1979, 79, 491-513.
78. Jones, J. K. N., 4,6-(9-isopropylidene methyl-a-D-glucoside, Can. J. Chem, 1956, 3 4 , 840-841.
79. Kira, K., Hamajima, A., Isobe, M., Synthesis of the BCD-ring of ciguatoxin IB using an acetylene 
cobalt complex and vinylsilane strategy, Tetrahedron, 2002, 58, 1875-1888.
80. Debost, J. L., Gelas, J., Horton, D., Mols, O., Preparative acetonation of pyranoid, vicinal trans-g\yco\s 
under kinetic control: methyl 2,3:4,6-di-0-isopropylidene-a- and -P-D-glucopyranoside, Carb. Res., 
1984,125,329-335.
81. Koch, H. J., Stuart, R. S., The synthesis o f per-C-deuterated D-glucose, Carb. Res., 1978, 6 4 , 127-134.
82. Croft, A. P., Bartsch, R. A., Synthesis of chemically modified cyclodextrins. Tetrahedron, 1981, 39, 
1417-1474.
83. French, D., Rundle, R. E., The molecular weights of the Schardinger alpha and beta dextrins, J. Am. 
Chem. Soc., 1942, 6 4 , 1651-1653.
84. Rekharsky, M. V., Inoue, Y., Complexation thermodynamics of cyclodextrins, Chem. Rev., 1998, 98, 
1875-1917.
85. Yang, A., Breslow, R., Very strong binding of lithocholic acid to p-cyclodextrin, Tetrahedron Lett., 
1997,38,6171-6172.
8 6 . Schneider, H., Yatsimirsky, A., Principles and Methods in Supramolecular Chemistry, 2000, Wiley, 
England, 99-100.
87. Szejtli, J., Introduction and general overview of cyclodextrin chemistry, Chem. Rev., 1998, 98, 1743- 
1753.
8 8 . Cyclodextrins, volume editors; Szejtli, J., Osa T., Vol. 3 in Comprehensive Supramolecular Chemistry, 
editors, Atwood J. L., Lehn J.-M., Pergamon, Oxford, UK, 1996.
89. Thirteen reviews by various authors, edited by D’Souza, V. T., Lipkowitz, K. B., Chem. Rev., 1998, 98, 
1741-2076.
150 References
90. Cyclodextrins and their Complexes, editor, Dodzuik, D., Wiley, Weinheim, 2006, 489pp. Online ISBN- 
10: 3527608982.
91. Gadelle, A., Defaye, J., Selective halogenation at primary positions of cyclomaltooligosaccharides and 
a synthesis of per-3,6-anhydro-cyclomaltooligosaccharides, Angew. Chem. Int.Ed. Engl., 1991, 30, 78-
80.
92. Alker, D., Ashton, P. R., Harding. V. D., Stoddart. J. F., White. A. J. P., Per-6-bromo-per-2,3-dimethyl- 
P-cyclodextrin. Tetrahedron Lett., 1994, 3 5 , 48, 9091-9094.
93. Peroche, S., Parrot-Lopez, H., Novel fluorinated amphiphilic cyclodextrin derivatives: synthesis of 
mono-, di- and heptakis-(6 -deoxy-6 -perfluoroalkylthio)-p-cyclodextrins. Tetrahedron Lett., 2003, 44, 
241-245.
94. Ogawa, T., Matsui, M., Regioselective stannylation. Acylation of carbohydrates: coordination control, 
Tetrahedron, 1981, 3 7 , 2363-2369.
95. Kurahashi, T., Mizutani, T., Jun-ichi, Y., Effect of intramolecular hydrogen-bonding network on the 
relative reactivities of carbohydrate OH groups. J. Chem. Soc., Perkin Trans. I, 1999, 465-473.
96. Hu, G., Vasella, A., Regioselective benzoylation of 6 -Oprotected and 4,6-O-diprotected 
hexopyranosides as promoted by chiral and achiral ditertiary 1,2-diamines. Helv. Chim. Acta, 2003, 85 , 
4369-4391.
97. Garegg, P. G., Iversen, T., Oscarson, S., Monotosylation of diols using phase-transfer catalysis. Carb. 
Res, 1977, 5 3 , C5-C7.
98. Payne, G. B., Epoxide migrations with a,0-epoxy alchohols, J. Org. Chem., 1962, 27, 3819-3822.
99. Jung, M. E., Heuvel, A. V. D., Diastereoselectivity in non-aldol aldol reactions: silyl triflate-promoted 
Payne rearrangements, Tetrahedron Lett., 2002, 43, 8169-8172.
100. Buchanan, J. G., The behaviour of derivatives of 3:4-anhydrogalactose towards acidic reagents. J. 
Chem. Soc, 1958, 995-999.
101. Hladezuk, I., Olesker, A., Cleophax, J., Synthesis of 2-C and 3-C-aryl pryanosides. J. Carb. Chem., 
1998,17, 869-878.
102. ter/-Butyldimethylsilyl chloride, imidazole and DMF are the conditions recommended by Corey, when 
he first described the use of /-butyldimethylsilyl ethers, Corey, E. J., Venkateswarlu, A., Protection of 
hydroxyl groups as ter/-butyldimethylsilyl derivateives, J. Am. Chem. Soc., 1972, 9 4 , 6190-6191.
103. Fuged, P., Synthesis of heptakis (6 -0 -/er/-butyldimethylsilyl)cyclomaltoheptaose and octakis(6 -Otert- 
butyldimethylsilyl)cyclomaltooctaose. Carb. Res., 1989,1 9 2 , 366-369.
104. Coleman, A. W., Zhang, P., The first selective per-tosylation of the secondary OH-2 of 6 -cyclodextrin, 
Tetrahedron Lett., 1991, 3 2 , 3997-3998.
105. Zhang, P., Coleman, A. W., Synthetic route for selective modification of the secondary hydroxyl face of 
cyclodextrins. Supramol. Chem., 1992, 2 , 255-263.
106. Fujita, K., Ohta, K., Masunari, K., Obe, K., Yamamura, H., Selective preparation of hexakis(6 -6 >- 
arenesulfonyl)-a-cyclodextrin, Tetrahedron Lett., 1992,33, 5519-5520.
107. Umezawa, S., Tatsuda, K., Studies of aminosugars. Syntheses of amino derivatives of Schardinger a- 
dextrin and raffinose, Bull. Chem. Soc. Jpn., 1968, 4 1 , 464-468.
151 References
108. Guthrie, R. D., Horton, D., The Carbohydrates, 1972, Vol. 1A, Academic Press, New York, 423.
109. Ashton, P. R., Ellwood, P., Staton, I., Stoddart, J. F., Synthesis and characterization of per-3,6- 
anhydrocyclodextrins. Angew. Chem. Int. Ed. Engl., 1991, 30, 1, 80-81; Ashton, P. R., Ellwood, P., 
Staton, I., Stoddart, J. F., Per-3,6-anhydro-a-cyclodextrin and per-3,6-anhydro-P-cyclodextrin, J. Org. 
Chem., 1991,56, 7274-7280.
110. Bojer, J., Concoran, R. J., Lehn, J. M., Cyclodextrin chemistry. Selective modification of all primary 
hydroxyl groups of a- and P-cyclodextrins, Helv. Chim. Acta, 1978, 6 1 , 2190-2218.
111. Ashton, P. R., Gattuso, G., Koniger, R., Stoddart, J. F., Williams, D. J., Dipotassium complex of 
anhydro-P-cyclodextrin, J. Org. Chem., 1996, 6 1 , 9553-9555.
112. Contrary to a later report111, it was claimed that heptakis(3,6-anhydrocyclo)-P-dextrin 1 22  has a 
preference for binding caesium and rubidium cations over other alkali metal cations see Yamamura, H., 
Ezuka, T., Kawase, Y., Kawai, M., Butsugan, Y., Fujita, K., Preparation of octakis(3,6-anhydro)-y- 
cyclodextrin and characterization of its cation binding ability, K., Chem. Commun., 1993, 636-637.
113. Yamamura, H., Masuda, H., Kawase, Y., Kawai, M., Butsugan, Y., Einaga, H., X-Ray crystallographic 
study of octakis(3,6-anhydro)-y-cyclodextrin with a highly specific cation binding ability? Chem. 
Commun., 1996, 1069-1070.
114. Yamamura, H., Nagaoka, H., Kawai, M., Butsugan, Y., Fujita, K., Synthesis and alkali metal ion
binding of poly(3,6-anhydro)-a-cyclodextrins, Tetrahedron Lett., 1995,36, 1093-1094.
115. Fujita, K., Yamamura, H., Imoto, T., Tabushi, I., Preparation of 3A, 6 A-anhydro-P-cyclodextrin and its
Takaamylolysis, Chem. Lett., 1988, 543-546.
116. Prins, D. A., Reduction of sugar epoxides to desoxysugars, J. Am. Chem. Soc., 1948, 70, 3955-3957;
Pratt, J. W., Richtmyer, N. K., Crystalline 3-deoxy-a-D-r/Z>o-hexose. Preparation and properties of 1,6-
anhydro-3-deoxy-P-D-ara6/«o-hexopyranose and related compounds, J. Am. Chem. Soc., 1957, 79, 
2597-2600.
117. Fujita, K., Ohta, K., Ikegami, Y., Shimada, H., Tahara, T., Nogami, Y., Koga, T., K., General method 
for preparing altrosides from 2,3-/wa«wo-epoxides and its application to synthesis o f alternative P- 
cyclodextrin with an altroside as the constituent of macrocyclic structure, Tetrahedron Lett., 1994, 35, 
51,9577-9580.
118. Fujita, K., Egashire, Y., Imoto, T., Fujioka, T., Regiospecifically bifunctional cyclodextrins having two 
amino groups on secondary hydroxyl side. Chem. Lett., 1989, 429-432.
119. Ikeda, H., Nagano, Y., Du, Y.-q., Ikeda, T., Toda, F., Modification of the secondary hydroxyl side of a- 
cyclodextrin and NMR studies of them, Tetrahedron Lett., 1990, 31, 5045-5048.
120. Harata, K., Nagano, Y., Ikeda, H., Ikeda, T., Ueno, A., Toda, F., Crystal structure of mono(3-amino-3- 
deoxy)-a-cyclodextrin 5.5 hydrate. Evidence for the 3,0B boat conformation of the altrosamine residue, 
Chem. Commun., 1996, 2347-2348.
121. Fujita, F„ Shimada, H., Ohta, K., Nogami, Y„ Nasu, K„ Koga, T., p-Cyclodextrins: A 
cyclooligosaccharide consisting of seven a (l-»4) linked altropyranoses, Angew. Chem. Int. Ed. Engl. 
1995,34, 1621-1622.
152 References
122. Khan, A. R., Tong, W., D’Souza, V. T., Self assembly in custom designed cyclodextrins. Supramol. 
Chem., 1994, 4 , 243-246.
123. Yuan, D.-Q., Koga, K., Kourogi, Y., Fujita, K., Synthesis of fiillerene-cyclodextrin conjugates, 
Tetrahedron Lett., 2001, 4 2 , 6727-6729.
124. Ashton, P. R., Koniger, R., Stoddart, J. F., Alker, D., Harding, V. D., Amino acid derivatives of P- 
cyclodextrin, J. Org. Chem., 1996, 6 1 , 903-980.
125. Cases-Solvas, J. M., Caballero, F. O., Berengual, A. V., Synthesis of nitrogen-functionalized (3- 
cycloaltrins. J. Org. Chem., 2004, 6 9 , 8942-8945.
126. Kelly, D. R., Mish'al. A. K., Synthesis of the first per-(3-deoxy)-cyclooligosaccharide: hepia.(manno-3- 
deoxy-6-0-r-butyldimethylsilyl)-P-cyclodextrin, Tetrahedron: Asymm., 1999,10, 3627-3648.
127. Yuan, D. Q., Tahara, T., Chen, W. H., Okabe, Y., Yang, C., Yagi, Y., Functionalisation of 
cyclodextrins via reactions of 2,3-anhydrocyclodextrins. J. Org. Chem., 2003, 6 8 , 9456-9466. In the 
diagrams and the text in this paper, the epoxide deoxygenation reaction is reported to run in DMF and 
give alkene and thiirane. It is then reported that the reaction was prolonged and optimized (no details). 
However the experimental section (Procedure C) only reports the use of water as solvent.
128. Yang, C., Yuan, D.-Q., Nogami, Y., Fujita, K., Per(3-deoxy)-y-cyclomannin: a non-glucose 
cyclooligosaccharide featuring inclusion properties, Tetrahedron Lett., 2003, 4 4 , 4641-4644.
129. Yuan, D. Q., Ohta, K., Fujita, K., The first complete set o f authentic functional beta-cyclodextrins with 
one imidazolyl group specifically attached to C-2, C-3, Chem. Commun. 1996, 821-822.
130. Breslow, R., Czamik, A. W., Transaminations by pyridoxamine selectively attached at C-3 in beta- 
cyclodextrin, J. Am. Chem. Soc., 1983,1 0 5 , 1390-1391.
131. Yan, J., Watanabe, R., Yamaguchi, M., Yuan, D. Q., Fujita. K., Does the abnormal ring opening of 
cyclodextrin-2,3-epoxide have generality? Tetrahedron Lett., 1999,40, 1513-1514.
132. Cundari, S., Dalpozzo, R., Nino, A. D., A facile one-pot synthesis of the very useful building blocks N- 
Boc-S-alkylated cysteines, Tetrahedron, 1999, 5 5 , 10155-10162.
133. Corey, E, J., Clark, D. A., Goto, G., Marfat, A., Mioskowski, C., Samuelsson, B., Hammarstrom, S., 
Stereospecific total synthesis of a slow reacting substance of anaphylaxis, Leukotriene C-l. J. Am. 
Chem. Soc., 1980,1 0 2 , 1436-1439.
134. Rodriguez, A., Nomen, M., Spur, B. W., Total synthesis o f leukotrienes from butadiene. Eur. J. Org. 
Chem., 2000, 2991-3000.
135. Tipson, R. S., Cohen, A., Action of zinc dust and sodium iodide in A,A-dimethylformamide on 
contiguous, secondary sulfonyloxy groups: a simple method for introducing nonterminal unsaturation. 
Carb. Res., 1965,1,338-340.
136. Radatus, B. K., Clarke, I. S., An improved synthesis of methyl 4,6-0-benzylidene-2,3-dideoxy-a-D- 
erythro-hex-2-enopyranoside, Synthesis, 1980, 47-48.
137. Fukudome, M., Shiratani, T., Immel, S., Nogami, Y., Yuan, D.-Q. Yuan, Fujita, K., Synthesis of a 
cycloallin derivative from P-cyclodextrin: Heptakis(2,3-deoxy-2,3-epithio)-P-cycloallin, Angew. Chem. 
Int. Ed., 2005, 4 4 , 4201-4204.
153 References
138. Fukudome, M., Shiratani, T., Nogami, Y., Yuan, D.-Q. Yuan, Fujita, K., Shortcut synthesis of p- 
cyclomannin from P-cyclodextrin, Org. Lett.., 2006, 8 , 5733-5736.
139. Macrolactonizations in the total synthesis of natural products, Parenty, A., Moreau, X., Campagne, J.- 
M., Chem. Rev., 2006, 1 0 6 , 911-939.
140. Macrocyclization by ring-closing metathesis in the total synthesis of natural products: reaction 
conditions and limitations, Gradillas, A., Perez-Castells, J., Angew. Chem. Int. Ed., 2006, 4 5 , 6086- 
6101.
141. Wenz, G., Cyclodextrins as building blocks for supramolecular structures and functional units, Angew. 
Chem. Int. Ed. Engl., 1994, 33, 803-822.
142. Stoddart, J. F., Szarek, W. A., Jones, J. K. N., Large heterocyclic rings from carbohydrate precursors.
Can. J. Chem., 1969, 4 7 , 3213-3215.
143. Szejtli, J., Kandra, L., Crown ethers derived from cyclodextrin: interaction with triphenylmethane
derivatives, J. Inclusion Phenomena, 1987, 5 , 639-643.
144. Immel, S., Lichtenthaler, F. W., Lindner, H. J., Nakagawa, T., Hydromethyl-substituted crown acetal
with 35-C-14 and 40-C-16 skeletal backbones: synthesis and molecular geometries. Tetrahedron: 
Asymm., 2001,12, 2767-2774 .
145. Immel, S., Nagagawa, T., Lindner, H. J., Lichtenthaler, F. W., Molecular modelling of saccharides, Part
27, Synthesis and molecular geometry of an achiral 30-crown-12-polyacetal from a-cyclodextrin, 
Chem. Eur. J., 2000, 6 , 3366-3371.
146. Fengler-Veith, M., Schwardt, O., Kautz, U., Kramer, B., and Jager V., ( 17?)-(-)-2,4-0-ethylidene-D- 
erythrose and ethyl (£)-(-)-4,6-(9-ethylidene-(45',5J?,17?)-4,5,6-trihydroxy-2-hexenoate, Org. Synth, 
2000, 7 8 , 123-134 (O. S. Coll., 1 0 , 405).
147. Dubes, A., Bouchu, D., An efficient regio-specific synthetic route to multiply substituted acyl-sulphated 
P-cyclodextrins. Tetrahedron Lett., 2001, 4 2 , 9147-9151
148. Szeja, W., Synthesis of carbohydrate epoxides under phase-transfer conditions, Carb. Res., 1986, 1 5 8 , 
245-248.
149. Black, D. K., The addition of L-cysteine to unsaturated lactones and related compounds, J. Chem. Soc. 
(C), 1966, 1123-1127.
150. Roberts, D. D., Neighboring methoxy group effect in solvolysis reactions of cyclopentyl and cyclohexyl 
p-toluenesulfonates, J. Org. Chem., 1997, 6 2 , 1857-1859.
151. Kelly, D. R., Gingell, M., Benzyl p-nitrophenyl carbonate; a convenient reagent for the protection of 
amines with the carbobenzyloxy (Cbz) group, Chem. Ind., 1991, 8 8 8 .
152. Menicagli, C., Malanga, C., Synthesis and stereochemical characterization of optically active 2- 
methoxy-3,4-dihydro-2H-pyran, Gazz. Chim. Ital., 1985,1 1 5 , 23-27.
153. McGeary, R. P., Jablonkai, I., Toth, I., Carbohydrate-based templates for synthetic vaccines and drug 
delivery, Tetrahedron, 2001, 5 7 , 8733-8742
154. Hoveyda, H. R., Vezina, M., Synthesis of unsaturated amino alcohols through unexpectedly selective 
Ru-catalysed cross-metathesis reactions, Org. Lett., 2005, 7 , 2113-2116.
154 References
155. Grubbs, R. H., Lee, C. W., Formation of macrocycles via ring-closing olefin metathesis, J. Org. Chem. 
2001,66,7155-7158
156. Bistri, O., Sinay, P., Sollogoub, M., Sequential ring closing/opening metathesis for the highly selective 
synthesis of a triply bifunctionalized a-cyclodextrin, Chem. Commun., 2006, 1112-1114.
157. Corrie, J. E. T., Synthesis, photochemistry and enzymology of 2-0(2-nitrobenzyl)-D-glucose, a 
photolabile derivative of D-glucose, J. Chem. Soc., Perkin Trans. 1, 1993,18 , 2161-2166.
158. Baer, H. H., Shen, Y., Gonzalez, F. S., Synthesis of a cycloheptaose consisting of (1—>4)-linked 7- 
amino-6,7-dideoxy-a-D-gluco-heptopyranosyl units: a new analog of cyclomaltoheptaose, Carb. Res. 
1992,235, 129-139.
159. Yamamoto, K., Biswas, K., Gaul, C., Danishefsky, S. J., Effects of temperature and concentration in 
some ring closing metathesis reactions, Tetrahedron Lett., 2003, 4 4 , 3297-3299.
160. Investigations into aquatic pheromones and the palladised iron transformations of halo-organics, S. M. 
Godwin, PhD thesis Cardiff University, 2004.
155 References
